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Cerebral blood flow (CBF) is mainly regulated by changes in the resistance of
cerebral arteries. Resistance can be changed by local-chemical stimuli, perfusion
pressure, endothelial factors, metabolic factors, and by perivascular nerves (Busija
and Heistad, 1984; Edvinsson et al., 1993). Among chemical regulation the effect of
CO2 is the most pronounced, a rise in CO2 dilates cerebral blood vessels, increases
CBF and lowers cerebrovascular resistance (Reivich, 1964; Wei et al., 1980). Also,
factors inducing smooth muscle cell relaxation or contraction by release of
endothelial relaxing or constrictor factors, nitric oxide (NO) or endothelin
respectively are important mediators of CBF (Wahl and Schilling, 1993). It is
generally believed that the relationship between blood flow and metabolism is
dependent on the production of vasodilator substances from active neurons, which
reach the vessels by diffusion, dilate the arteries and increases CBF. The classical
candidates for mediating metabolic flow regulation in the small arteries are
adenosine, H+ and K+ (Wahl and Kuschinsky, 1977; Busija and Heistad, 1984).
Also, it has been shown that NO possesses many of the features for coupling
neural activity and regional blood flow (Edvinsson et al., 1993; Iadecola, 1993;
Bonvento et al., 2000). A characteristic of the cerebral circulation is that CBF is
maintained constant over a wide range of perfusion pressure, known as
autoregulation which is a physiological protection mechanism that prevents brain
ischemia during blood pressure decrease and edema formation during blood
pressure increase (Paulson et al., 1990). It is believed that autoregulation takes
place in large and middle caliber pial arteries, and that it is a prerequisite for optimal
chemical and metabolic regulation in the smallest pial arteries.
The cerebrovascular innervation can also contribute to an increase in CBF
associated with cortical neuronal activation. For instance, Umemura and Branston
(1995) showed that the parasympathetic and not the sensory nerve fibers
contribute to an increase in CBF associated with somatosensory cortical neuronal
activation. Also, the perivascular nerves may be important to respond to a decrease
in resistance downstream, in the microvasculature, resulting in an increase in blood
flow in the artery itself. It is believed that the physiological significance of the
response is to maintain downstream perfusion pressure when blood flow through
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large arteries increases (Faraci and Heistad, 1990). Therefore, flow regulation
through dilating nerve fibers in the cerebral arteries during neural activity, could be
an important mechanism for coordinating vascular resistance between these
arteries and the microcirculation.
While there is general consensus that products of cerebral tissue metabolism
and chemical stimuli are important for the regulation of cerebrovascular tone, the
contribution of the cerebrovascular innervation in the control of cerebral blood flow
and metabolism is still a matter of debate.
Innervation of the basal cerebral arteries: origin of fibers
Morphological aspects of perivascular nerves, however, have been studied
extensively, i.e. sources of innervation and nerve densities in the cerebral arteries.
Perivascular nerve fibers emanating from cell bodies in ganglia belonging to the
sympathetic-, parasympathetic- and sensory nervous system are known as the
extrinsic system. The extrinsic system has been classified as such since, from the
central nervous system efferent nerve fibers reach the extracerebral arteries after
synapsing in a sympathetic or parasympathetic ganglion, while sensory fibers run
uninterrupted from the arteries to the central nervous system via a sensory
ganglion. In addition, nerves that originate within the brain may also innervate these
arteries, representing an intrinsic nerve supply (Reis and Iadecola, 1986).
The sympathetic nerve fibers originate predominantly from the superior
cervical ganglion (Edvinsson et al., 1982) and upon stimulation norepinephrine (NE)
and neuropeptide Y (NPY) are released. They do not appear to play an important
role in the regulation of resting CBF (Heistad and Marcus, 1978). However, they
play a role against cerebrovascular insults by keeping CBF to normal levels during
hypertension (Mueller and Ertel, 1983; Sadoshima et al., 1983). Also it has been
shown that adrenergic nerves exert a trophic influence in controlling vascular
smooth muscle thickness (Bevan, 1975, 1984).
Parasympathetic nerves originate from the pterygopalatine ganglia, internal
carotid ganglia, otic ganglia and the cavernous sinus ganglia (Suzuki et al., 1988,
1990; Suzuki and Hardebo, 1993; Bleys et al., 1996a; Bleys et al., 2001).
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Histochemical studies have demonstrated that the parasympathetic nerve fibers
contain choline acetyl transferase (ChAT), vasoactive intestinal polypeptide (VIP)
and nitric oxide synthase (NOS) (Hara et al., 1985; Suzuki and Hardebo, 1993;
Nozaki et al., 1993). Recently it has been shown that nitric oxide (NO) which is co-
released with acetylcholine (ACh) and VIP is the primary neurotransmitter in
relaxing vascular smooth muscle cells. ACh and VIP act presynaptically to inhibit
and facilitate, respectively, the release of NO (Lee, 2000; Lee et al., 2001).
The sensory perivascular nerves originate from the trigeminal ganglia and
upon stimulation calcitonin gene-related peptide (CGRP), substance P and
neurokinin A are released (Uddman et al., 1985). When administered in vivo,
substance P dilates cerebral arterioles and increases CBF (Faraci et al., 1989). In
contrast to CGRP, substance P- and neurokinin A- induced relaxation of cerebral
arteries is dependent on the presence of the endothelium and is due to activation of
endothelial NOS (Rosenblum et al., 1993).
Arrangement and densities of nerves in the vessel wall
Nerve fibers in the walls of the basal cerebral arteries have been
demonstrated in many species. The arrangement of these nerve fibers around and
in the wall of the major cerebral arteries is based on the description by Nakakita et
al. (1983). The wall of the cerebral arteries is made up of three layers: the tunica
adventitia, which consists of a mixture of collagenous, elastic fibers and fibroblasts;
the tunica media, which predominantly consists of smooth muscle cells; and the
inner tunica intima. Nakakita et al. (1983) demonstrated that outside the adventitia
are large longitudinal nerve bundles (paravascular nerves), en route to more distal
parts of the arteries. From these bundles, nerves penetrate the adventitia and run
to the adventitial-medial border providing local functional innervation because of
their close relationship with the smooth muscle cells (Burnstock, 1975; Burnstock,
1990). The terminal portions of these nerve fibers are varicose, and during
stimulation, transmitter substances are released from these varicosities and interact
with the receptors on the postjunctional membrane. Electronic spread of activity via
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gap-junctions between muscle cells leads to activation of other muscle cells
(Burnstock, 1975).
A conspicuous fact is that differences in nerve densities between the various
segments of the cerebral arteries have been demonstrated in several species
(Edvinsson, 1975; Kobayashi et al., 1981; Itakura et al., 1984; Dhital et al., 1988;
Bleys et al., 1996a; Bleys and Cowen, 2001). For instance in humans, high nerve
densities were found in the posterior communicating artery and in the posterior
cerebral artery (both intracircular and extracircular parts of this artery), whereas in
rats the highest nerve density is found in the anterior cerebral artery while the
posterior cerebral artery is sparsely innervated (Bleys et al., 1996a; Bleys and
Cowen, 2001). The sparse innervation of the posterior cerebral artery in rat
indicates a less neural regulatory function in this artery compared to humans. In
contrast, the very dense innervation of the anterior cerebral artery could implicate
an important regulatory function in this artery, supplying the rhinencephalon, which
is relatively more important in this species than in humans. While in humans, a
same role can be ascribed for the extracircular part of the posterior cerebral artery
in regulating the blood supply to the visual cortex. However, local differences in
nerve densities may also be linked with the site where these nerves join the
cerebral arterial tree. From most semiquantitative methods it has been established
that the highest nerve density was found in the internal ethmoidal artery, the
anterior cerebral artery and internal carotid artery. The internal carotid artery and
internal ethmoidal artery (Fig.1) are sites of nerve access to the cerebral arteries.
The parasympathetic and sensory nerves gain access via the internal ethmoidal
artery as well as via the internal carotid artery and the sympathetic nerves gain
access via the internal carotid artery. It is important to distinguish between deep
and superficial nerves when specifying nerve densities, since only the deep nerves
provide functional innervation. It is also known that cerebrovascular nerves display
changes in a temporally specific manner (Cowen et al., 1982). For instance, in the
ageing rat the overall nerve population (Cowen and Thrasivoulou, 1990) and the
sympathetic nerve population decline (Thrasivoulou and Cowen, 1995).
Furthermore, in humans a decrease in nerve fiber density has been observed
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during ageing in several arteries and in Alzheimer’s disease in the
precommunicating part of the anterior cerebral artery (Bleys et al., 1996b). These
changes in nerve density may be flow-related since a reduction in CBF occurs
during ageing (Martin et al., 1991) and in Alzheimer’s disease there is a decreased
neuronal activity in the nucleus basalis of Meynert (Salehi et al., 1994), which is
supplied by the precommunicating part of the anterior cerebral artery. Thus flow
changes could be an important factor in the regulation of nerve densities in the
basal cerebral arteries.
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3= posterior cerebral artery
4= internal carotid artery
5= middle cerebral artery
6= first part of the anterior 
cerebral artery (A1-1 segment)
7= internal ethmoidal artery
8= second part of the anterior 
cerebral artery (A1-2 segment)
The role of neurotrophic factors in regulating cerebrovascular innervation
As indicated above the heterogeneous nature of the vasculature is well
illustrated by the differences in the extent of innervation as found in different
species as well as the variation in the degree of innervation. The mechanisms
responsible for the differences in innervation may be multifactorial, i.e. metabolic
demand, haemodynamic factors and it may also involve an altered release of
neurotrophic factors, since the growth of peripheral sympathetic and
parasympathetic neurons is regulated by trophic factors (Levi-Montalcini and
Calissano, 1979).
Fig.1. Drawing of the circle of Willis in the rat.
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Sympathetic neurotrophic factor
Nerve growth factor (NGF), a target-derived trophic factor, plays an important
role in regulating sympathetic neuronal survival during development and into
adulthood (Levi-Montalcini, 1987). Excessive production of NGF may result in an
increased number of innervating fibers and neuronal hypertrophy that may
contribute to the pathophysiology of diabetes, hypertension and bladder outlet
obstruction disorders (Korsching and Thoenen, 1983; Hellweg and Hartung, 1990;
Steers et al., 1991; Donovan et al., 1995). There is now considerable evidence that
NGF exerts a trophic influence upon sympathetic innervation. In particular it was
shown that treatment of cerebral blood vessels with NGF in an in oculo
transplantation model, resulted in regrowth of sympathetic nerves (Gavazzi et al.,
1992; Gavazzi and Cowen, 1993; Thrasivoulou and Cowen, 1995). Moreover, it has
been demonstrated that the vascular smooth muscle cells synthesize NGF
(Creedon and Tuttle, 1991) and it has been shown that the NGF mRNA content of
sympathetically innervated tissues correlates with the degree of sympathetic
innervation of the tissue (Korsching and Thoenen, 1983). In the spontaneously
hypertensive rat, where there is an increase in sympathetic nerve fibers, elevated
NGF levels have been found in the vascular smooth muscle cells due to an altered
stretch response (Clemow et al., 2000). Thus, abnormalities in stretch-induced NGF
production may lead to increase smooth muscle NGF production underlying the
increased sympathetic innervation. Also, a reduced regulation or expression of
neurotrophin receptors may be responsible for a reduced capacity of the nerve
fibers for uptake of neurotrophic factors. This is supported by a study in which they
showed that NGF protein levels are maintained in the circle of Willis of the aged rat,
where there is a decrease in both the overall and the sympathetic nerve density
(Cowen et al., 1996).
Parasympathetic neurotrophic factors
The existence of neurotrophic factors for parasympathetic neurons has been
implied by a number of studies on the avian ciliary ganglion, which resulted in the
identification of ciliary neurotrophic factor (Barbin et al., 1984). Other growth factors
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such as basic fibroblast growth factor and insulin-like growth factor 1 have also
been shown to promote survival and enhance choline acetyltransferase (ChAT)
activity in vitro (Crouch and Hendry, 1991; Schmidt and Kater, 1995). Despite their
ability to support the survival of ciliary neurons, the actions of these neurotrophic
factors on parasympathetic neurons in vivo remained elusive (Ortega et al., 1998).
Recently, glial cell line-derived neurotrophic factor (GDNF) was initially found to
promote the survival of substantia nigra dopaminergic neurons (Lin et al., 1993;
Beck et al., 1995; Gash et al., 1996) and was later proven to be a neurotrophic
factor for many other populations of neurons including motor neurons, central
noradrenergic neurons and peripheral neurons (Yan et al., 1995; Trupp et al., 1995;
Arenas et al., 1995). Also, it has been shown that GDNF is crucial for the
development of cranial parasympathetic ganglia including the submandibular-,
pterygopalatine- and otic ganglia (Enomoto et al., 2000). Since the discovery of
GDNF, related proteins has been identified which resulted in the establishment of
the GDNF family of ligands that currently includes neurturin (NRTN), artemin
(ARTN) and persephin (PSPN) (Kotzbauer et al., 1996; Millbrandt et al., 1998;
Baloh et al., 1998). NRTN promotes the survival of several populations of neurons
both in the central and peripheral nervous system, e.g. spinal cord neurons (Klein
et al., 1997), parasympathetic submandibular neurons and pterygopalatine neurons
(Cacalona et al., 1998; Enomoto et al., 2000), enteric neurons (Heuckeroth et al.,
1999) and substantia nigra dopaminergic neurons (Tseng et al., 1998). PSPN also
promotes the survival of spinal cord motorneurons and midbrain dopaminergic
neurons but seems to be inactive on peripheral neurons (Milbrandt et al., 1998;
Soler et al., 1999). ARTN promotes the survival of peripheral ganglia and
dopaminergic neurons in vitro (Baloh et al., 1998). The GDNF family members
mediate their biological actions via a multicomponent receptor complex, which
consists of glycosylphophatidylinositol-linked ligand binding receptors (GFRα1
through GFRα4) and the signal transducing receptor tyrosine kinase RET
(Airaksinen et al., 1999; Baloh et al., 2000). Considering the neurotrophic
characteristics of the GDNF family ligands, members of this family may be
important in the regulation of the parasympathetic innervation.
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Hypothesis
The data accumulated from the literature has led to formulating the following
hypothesis: perivascular nerves play a role in the regulation of the cerebral
circulation and the spatial and temporal differences in their densities may be
determined by variations in metabolic demand.  Haemodynamics and neurotrophic
factors may be the link between altered metabolic demand and changed patterns of
innervation.
Aims of investigations
The basic aims of the present study are:
1. To develop a model, to alter the nerve density in the basal cerebral arteries
due to alteration in metabolic demand.
2. To determine which nerve population i.e. sympathetic and or
parasympathetic is affected in such a model.
3. To determine if in vivo administration of a neurotrophic factor, e.g. NGF or a
family of the GDNF family ligand, can prevent a change in nerve fiber density
in the model.
4. To determine whether changes in flow fluctuations can be observed in the
model after peripheral stimulation.
Peripherally induced anosmia, through intranasal application of zinc sulfate, is
used as a model to study the aforementioned hypothesis (Fig.2). Intranasal
administration of zinc sulfate produces severe but partly reversible necrotic
changes in the olfactory epithelium, including loss of axons, hypertrophy of
astroglial cell processes and other degenerative changes and has most often been
used to study regeneration of the sensory neurons (Alberts, 1974; Matulionis, 1975,
1976; Cancalon, 1982; Burd, 1993; Chuah et al., 1995). The test most often used to
identify anosmia is a food-finding task (Alberts and Galef, 1971).
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Fig. 2. Schematic representation of the hypothesis as being the basis of this thesis.
Chapter 2 deals with the induction of chronic anosmia, through intranasal
application of zinc sulfate, during different time points in the adult rat. The olfactory
epithelium was examined to determine the extent of degeneration as well as the
metabolic activity in the olfactory bulb caused by peripheral induction of zinc
sulfate. The nerve fibers in the basal cerebral arteries were immunostained for the
general neural marker protein gene product (PGP) 9.5. The nerve fiber densities
were quantified by image analysis and expressed as area percentage of the vessel
wall and intercept density.
Chapter 3 deals with the first interesting question that arose from chapter 2.
The aim was to identify the sympathetic and parasympathetic nerve fibers in whole
mount preparations of the basal cerebral arteries in the anosmic rat, containing
tyrosine hydroxylase (TH) and nitric oxide synthase (NOS), vesicular acetylcholine
transporter (VAChT) and vasoactive intestinal polypeptide (VIP) as well as the
Anosmia Reduction in neuronal
activity in the olfactory
bulb
Reduced neural input
towards the olfactory
bulb
Reduction in metabolic
activity in the olfactory 
bulb
Reduced flow
 fluctuations
Decrease in
nerve fiber
density
Neurotrophic
factors
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general neural marker PGP 9.5. In addition a detailed description of the distribution
of the various markers, as measured at the adventitial-medial border, is given for all
the segments of the basal cerebral arteries.
Chapter 4 describes how CBF was measured in the olfactory bulb after
presenting a mixture of odorants to the nasal cavity by means of laser doppler
flowmetry (LDF) in order to establish whether the perivascular nerves are involved
in flow-metabolism coupling.
Chapter 5 describes whether neurturin (NRTN) mRNA is present in the basal
cerebral arteries as well as in the pterygopalatine ganglion and whether in vivo
infusion of NRTN will have an effect on the density of the parasympathetic
cerebrovascular nerves in the anosmic rat. Immunohistochemical techniques were
used to localize the parasympathetic nerve fibers containing NOS and VAChT. The
nerve fiber densities were quantified by image analysis and expressed as area
percentage of the vessel wall and intercept density.
In chapter 6, the results of this thesis are summarized and discussed in the
context of the current understanding of the neuronal control of the basal cerebral
arteries.
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Chapter 2
Zinc sulfate- induced anosmia decreases the
nerve fiber density in the anterior cerebral artery
of the rat
Chapter 2
22
Introduction
A dense perivascular plexus of sympathetic, parasympathetic, and sensory
nerve fibers supplies the basal cerebral arteries (Goadsby and Sercombe, 1996).
Local release and action of neurotransmitters on smooth muscle cells and
vasoactive factors from the endothelium regulate the tone of these vessels. A
striking feature has been the observation of a topographical heterogeneity of nerve
fiber densities in the basal cerebral arteries in humans as well as in rats. In
humans, the highest nerve fiber densities, at the adventitial-medial border, were
found in the posterior communicating and posterior cerebral arteries (Bleys et al.,
1996a) whereas in rats, the highest nerve fiber density, as measured at the
adventitial-medial border, was found in the anterior cerebral artery (Bleys and
Cowen, 2001). These high nerve fiber densities correspond to arteries where large
flow fluctuations are expected: firstly, segments of the circle of Willis proper (Hillen
et al., 1988) and secondly, the posterior cerebral artery in humans and the anterior
cerebral artery in rats, i.e. arteries supplying the visual cortex and rhinencephalic
structures respectively.  It is also known that cerebrovascular nerves display
changes in a temporally specific manner. In the ageing rat, the overall nerve
population (Cowen and Thrasivoulou, 1990) and the sympathetic nerve population
decline (Thrasivoulou and Cowen, 1995). In ageing humans a decrease in nerve
fiber density has been found in some arteries (Bleys et al., 1996b). Furthermore, a
decrease in nerve fiber density has been observed in humans with Alzheimer’s
disease in the precommunicating part of the anterior cerebral artery (A1-segment)
(Bleys et al., 1996b). These temporally specific changes may be flow-related: a
reduction in cerebral blood flow occurs during ageing (Martin et al., 1991) and in
Alzheimer’s disease there is a decreased neuronal activity in the nucleus basalis of
Meynert (Salehi et al., 1994) which is supplied by the A1-segment.
In search for a common denominator that might explain both the
topographical heterogeneity and the time-dependent changes in nerve fiber
densities, we propose a coupling between the variation in metabolic demand and
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corresponding flow fluctuations in the afferent arteries inducing appropriate nerve
fiber densities in these arteries.
In the current study we tested this hypothesis by inducing an experimental
olfactory deficit or anosmia through intranasal application of zinc sulfate. It has
been shown that intranasal application of zinc sulfate leads to destruction of the
olfactory epithelium (Nadi et al., 1981; Harding et al., 1987), which leads to a
moderate disruption of axonal transport of wheat germ agglutinin-HRP to olfactory
bulb glomeruli (Slotnick et al., 2000). According to our hypothesis, the consequence
is a decreased metabolic activity in the rhinencephalon and subsequently reduced
flow fluctuations and a reduced nerve fiber density in the arteries supplying this
area.
Material and Methods
Irrigation procedure
Seventy-seven male Wistar rats, weighing 350-400 gram, were used in this
study. All procedures were carried out under protocols approved by the committee
for experiments on laboratory animals. Under anesthesia (Hypnorm 0.01 ml/100 gr.
body weight s.c., Janssen Pharmaceuticals, Netherlands) a polypropylene tube was
inserted 1 cm into each naris followed by administration of 0.05 ml of either 10%
zinc sulfate (Merck, Germany) in 0.9% saline or 0.9% saline twice a week during 2
(zinc sulfate n=7, saline n=8), 4 (zinc sulfate n=12, saline n=11), 6 (zinc sulfate n=8,
saline n=8), and 8 (zinc sulfate n=7, saline n=8) weeks. A second group of animals
(n=8) received twice a week 10% zinc sulfate treatment for 4 weeks followed by a
recovery period of 6 weeks.
Behavioral training and testing
The anosmic state of the animals was verified by a food location test. All rats
were deprived of food for 10-15 hours prior to the training and testing in order to
motivate the rats to find a piece of hidden chocolate cookie. Test periods took place
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the first day after each irrigation procedure and were 300 seconds in duration. Prior
to the irrigation procedure all rats went through a training period in order to collect
baseline data. During the training they where discouraged to burrow their head
under the bedding in any area other than where the food was located by tapping
with a pencil on the cage.
Tissue preparation
Perfusion procedures were performed on the rats (n=70) with a Watson-
Marlow 503S rotation pump (Smith and Nephew, Falmouth, UK). Under deep
anesthesia (sodium pentobarbital, 0.1 ml/100 gram body weight i.p.) a cannula was
inserted into the ascending aorta and the rats were perfused with 300 ml 0.9%
NaCl containing 500 IE heparin (Leo Pharmaceutical, Weesp, the Netherlands).
Then 500 ml 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4, at 4˚C) was
perfused over 15 minutes, followed by 500 ml 15% sucrose in 0.1 M phosfate buffer
(pH 7.4, at 4˚C) during 15 minutes. Subsequently, the brains were removed and
stored in 15% sucrose in 0.1 M Phosphate Buffered Saline (PBS).
Nasal preparation
The noses of all the experimental animals and half of the controls were
decalcified (Culling, 1963) with 0.5% formic acid in the microwave at 90 watt during
one minute followed by one minute at 350 watt. Subsequently, incubation with 5%
formic acid took place during 3 nights at room temperature, followed by incubation
in 4% formaldehyde in 0.1 M phosphate buffer during 5 nights. The noses were
sectioned in a coronal plane at 10 µm in a cryostat and subsequently stained with
hematoxylin/eosin. The epithelial thickness of the nasal cavity between the anosmic
animals and the controls was visually compared.
Succinate Dehydrogenase  Histochemistry
Part of the animals (zinc sulfate n=4, saline n=3) that had been treated during
4 weeks, were euthanized with an overdose of Euthesate i.p. (Apharmo bv.,
Netherlands). The olfactory bulbs were removed and rapidly frozen in iso-pentane
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(-80°C; BDH, UK) and coronally sectioned at 20 µm in a cryostat. One series, from
two alternating series, was stained with cresyl violet (Sigma, Germany) for
morphological comparison and the second series was dried for 30 minutes at 37°C
and processed for succinate dehydrogenase (SDH) histochemistry. The SDH
staining solution consisted of 0.05 M sodiumsuccinate (BDH, UK) and 0.55 mM
nitroblue tetrazolium (NBT; Sigma, Germany) in 0.05 M phosphate buffer (pH 7.2).
The SDH staining solution was dripped onto the sections, followed by 40 minutes
incubation at 37°C. The slides were washed overnight in 4% formaldehyde in 0.1 M
phosphate buffer, subsequently dehydrated in graded concentrations of alcohol and
coverslipped with ultrakitt (Baker, Netherlands). The staining intensity of SDH
between the two groups was visually compared and the diameter of the olfactory
bulb was determined with a macroscope (Wild, Switzerland).
Immunohistochemistry
The basal cerebral arteries were dissected and mounted on sylgard (Dow
Corning, USA) with entomology needles. Subsequently, an indirect
immunohistochemistry was performed at room temperature. The segments were
washed in HEPES buffer containing 0.1% Triton X-100 for 30 minutes followed by
pre-incubation in 5% normal swine serum (Dako, Glostrup Denmark) in HEPES
buffer for 90 minutes. The segments were incubated overnight in a polyclonal
antibody against rabbit PGP 9.5 (Ultraclone Limited, Isle of Wight, UK) diluted
1:400 in HEPES buffer containing 1% normal swine serum, 0.1% Triton X-100 and
0.1% DL-Lysine. After washing in PBS for 30 minutes the segments were incubated
in fluorescein isothiocyanate (FITC)- conjugated swine-anti rabbit antiserum (Dako,
Glostrup, Denmark) diluted 1:40 in PBS containing 1% normal swine serum, 0.1%
Triton X-100 and 0.1% DL-Lysine for 90 minutes. After washing in PBS the
segments were stained for 10 minutes with 0.05% pontamine sky blue (BDH, UK) in
PBS to reduce background autofluorescence (Cowen et al., 1985) and washed
again in PBS. The segments were stretched on glass slides and mounted in
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antifade mountant (Citifluor, London, UK). Subsequently, the diameters of all
segments were determined with a macroscope (Wild, Switzerland).
Image analysis
PGP 9.5 immunoreactivity was quantified using established methods of
image analysis (Cowen et al., 1982; Cowen and Thrasivoulou, 1992). The deepest
nerve plexus layer, which is functionally important and is situated at the adventitial-
medial border, was measured by the use of a Zeiss fluorescence microscope
(München, Germany) equipped with a Kappa CF 8/1 FMC video camera and a
Kontron 4.2 image analyzer. Area percentage (percentage of specific fluorescence
in the measuring frame) and intercept density per millimeter (ID/mm, number of
intersections of the horizontal pixel lines that make up the screen of the image
analyzer with the bundles of nerve fibers) were determined. Differences between
the left and right part of the cerebral arteries were analyzed by paired t-test. The
mean values of the data were determined by analysis of variance (ANOVA) and
Fisher PLSD test.
Results
Behavioral
After one week of training, all animals were able to find a piece of hidden
chocolate cookie within one minute at two consecutive days. The first day after
being treated with zinc sulfate the animals could not locate the chocolate cookie.
However in a pilot experiment, three days after being treated they performed
equally well as the controls, being able to locate the cookie within one minute.
Therefore we applied zinc sulfate twice a week in order to keep them in an anosmic
state.
Figure 1 presents the mean time for finding a piece of hidden chocolate
cookie during training and testing trials for the animals that had been treated for 4
weeks. The results for the other groups were similar to the data presented in figure
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1. If food finding did not succeed a score of 300 seconds was given. Analysis of
variance showed a significant treatment effect (P< 0.0001). After 10 to 14 days
post-treatment the animals with a recovery period for 6 weeks performed equally
well as the controls.
0
1
2
3
4
5
6
tr
ai
ni
ng
 1
tr
ai
ni
ng
 2
tr
ai
ni
ng
 3
tr
ai
ni
ng
 4
tr
ai
ni
ng
 5
te
st
 1
te
st
 2
te
st
 3
te
st
 4
te
st
 5
te
st
 6
te
st
 7
te
st
 8
La
te
nc
y 
in
 m
in
ut
es
control (n=8)
anosmia (n=7)
Fig. 1. Latency in minutes for finding a hidden piece of chocolate cookie during training and testing
trials from anosmic and control animals. Test periods took place the first day after each irrigation
procedure. Values are shown as means with standard error bars.
Light microscopy
Nasal mucosa
The results demonstrated that the olfactory epithelium in the anosmic group
were considerably thinner (Fig. 2A) and had lost their columnar organization
compared to the control group (Fig. 2B). There was no difference between the
olfactory epithelium of the animals which had a recovery period for 6 weeks
compared to controls.
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Olfactory bulb
The glomerular and external plexiform layer exhibited the densest staining
with SDH in controls. The SDH staining in the anosmic group was reduced
compared to controls (Fig. 3A and 3B). The diameters of the olfactory bulb from
anosmic animals were 20% reduced in size compared to controls.
Fig. 2. Coronal section of one conchae after 4 weeks of treatment, stained with hematoxylin/eosin
(A) anosmic (B) control. Arrow indicates the epithelial layer. Scale bar = 100 µm.
Fig. 3. Coronal section of the olfactory bulb after 4 weeks of treatment stained with succinate
dehydrogenase (A) anosmic (B) control. Scale bar = 100 µm.
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Image analysis
The results of the image analysis showed no left - right differences in area
percentage or ID/mm for the animals, which had been treated at different
timepoints. Therefore, the values obtained from the left and right arteries were
taken together.
All the animals displayed the same topographical distribution in nerve
density, which was greatest in the internal ethmoidal artery (IEA) followed by both
parts of the anterior cerebral artery (A1-2; distal to the origin of the internal
ethmoidal artery and A1-1; proximal to the origin of the internal ethmoidal artery),
and internal carotid artery (ICA), then the middle cerebral artery (MCA), the
posterior cerebral artery (PCA), the basilar artery, and the vertebral artery in
decreasing order.
At all timepoints, the anosmic group showed a significant decrease in nerve
fiber density compared to the control group, expressed as area percentage for the
A1-1 segment (10.93 ± 0.8 vs. 12.50 ± 1.2, 4 weeks anosmia (Fig. 4A) vs. control
(Fig. 4B), mean ± sem, P< 0.01, Fig. 5A) as well as for the A1-2 segment (11.35 ±
1.1 vs. 13.44 ± 0.8, 4 weeks anosmia (Fig. 4C) vs. control (Fig. 4D), P< 0.01, Fig.
5A). Whereas, for ID/mm only treatment during 8 weeks showed a significant
decrease in nerve fiber density for the A1-1 segment (44.70 ± 3.4 vs. 51.48 ± 7.7,
P< 0.05, Fig. 5B) and at all the timepoints there was a significant decrease in nerve
fiber density for the A1-2 segment (47 ± 6.5 vs. 53.78 ± 3.7, 4 weeks anosmia vs.
control, P< 0.05, Fig. 5B). After four weeks of treatment the anosmic group showed
a significant increase in nerve fiber density compared to the control group for
ID/mm for the ICA (39.24 ± 4.4 vs. 35.07 ± 2.4, P< 0.05, Fig. 5B). All values,
regarding area %, returned to baseline after a six weeks recovery. However, there
was a significant decrease in nerve fiber density for ID/mm in the anosmic group
compared to the control group for the MCA (21.49 ± 1.8 vs. 24.96 ± 3.2, P< 0.05).
There was no change in vessel diameter between the groups at all timepoints
(data not shown).
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Fig. 4. Whole mount preparations of perivascular nerves, stained for PGP 9.5 from anosmic and
control animals after 4 weeks of treatment. The deep plexus is transversely orientated and is
situated close to the adventitial-medial border. (A) A1-1 segment, anosmic; (B) A1-1 segment,
control; (C) A1-2 segment, anosmic; (D) A1-2 segment, control. Scale bar = 100 µm.
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Fig. 5. Mean values and standard error of the mean of (A) area percentage and (B) ID/mm of PGP
9.5 immunoreactive nerve fibers in various segments of the basal cerebral arteries from controls
and anosmic animals measured at the adventitial-medial border at different timepoints.  * P < 0.01
(since there was no difference in nerve fiber density between the two groups, the vertebro-basilar
system is excluded). PCA = posterior cerebral artery; ICA = internal carotid artery; MCA = middle
cerebral artery; A1-1 = first part of the anterior cerebral artery; A1-2 = second part of the anterior
cerebral artery; IEA = internal ethmoidal artery.
Discussion
This study shows that, peripheral induced anosmia results in a decreased
nerve fiber density in the anterior cerebral artery, which coincides with a decreased
metabolic activity in the olfactory bulb.
Zinc sulfate induced anosmia has been widely used in different species to
study degeneration and regeneration of the olfactory system (Smith, 1951;
Mulvaney and Heist, 1971; Thor et al., 1976; Cancalon, 1982; Burd, 1993; Herzog
and Otto, 1999). However, the degenerative capability of the olfactory epithelium
appears to be variable following destruction of the tissue with zinc sulfate (for
review see Slotnick et al., 2000). It appears that effectiveness of treatment is
enhanced by multiple applications (Thor et al., 1976) and the concentration used
(Stewart et al., 1983). Stewart and colleagues (1983) demonstrated that treatment
with 5% zinc sulfate produces a greater deficit in both behavior and odor induced 2-
deoxyglucose uptake compared to treatment with 1% zinc sulfate. Furthermore,
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based on the food-finding task, which is generally accepted to identify anosmia, we
can state that the animals in our study were anosmic. Also, we demonstrated that
zinc sulfate treatment affects the metabolic activity in the olfactory bulb, as
observed in a reduced SDH staining and we also observed a 20% decrease in bulb
size. Cho and colleagues (1996) observed a down-regulation of the catecholamine
biosynthetic enzyme tyrosine hydroxylase in the olfactory bulb of naris-occluded
rats as well as a reduction in bulb size, which is an indicator for protein content. A
decreased metabolic activity has also been observed in other systems, e.g. visual
and auditory, in which the amount of afferent information available to the brain
target was reduced (Durham and Rubel, 1985; Kageyama and Wong-Riley, 1986).
Thus changes in metabolism occur in sensory deprived animals with down
regulation of activity in the target region. From the present study we can conclude
that, multiple applications of a high concentration of zinc sulfate produces a
complete degeneration of the olfactory epithelium and reduces the amount of
information flow towards the olfactory bulb resulting in a decreased cell activity in
the olfactory bulb.
At all timepoints we found a significant reduction in nerve fiber density,
expressed as area %, in the anterior cerebral artery. Since we used a general
neural marker, further experiments are needed in order to investigate which
subpopulation(s) is (are) affected after inducing anosmia. The increase in nerve
fiber density in the ICA for ID/mm from the animals treated during 4 weeks could be
due to the fact that ID/mm may be a less reliable parameter than area % due to co-
orientation of the nerves in the deep plexus with the pixel lines across which ID/mm
is measured. The significant decrease in nerve fiber density expressed as area %
in the anosmic group compared to the control group for the anterior cerebral artery
could be due to a reduction in flow fluctuations caused by a decreased metabolic
activity in the vascular territory of this segment. Support comes from a study by
Major and Silver (1999) in which they showed an increase in cortical blood flow
after presenting several odorants to the nasal cavity of rats. They suggested a role
for perivascular nerves in mediating this increase in blood flow. However,
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measurement of regional blood flow will be necessary to investigate flow
phenomena in the experimental setup herein.
The link between altered haemodynamic factors and decrease or increase in
nerve fiber density may involve an altered release of neurotrophic factors. For
instance, hypertension resulted in an increase in neuropeptide Y and noradrenaline
containing nerves (Dhital et al., 1988). This increase in nerve fiber density has been
correlated to an elevated production of nerve growth factor (NGF) by vascular
smooth muscle cells (Head, 1989; Sherer et al., 1998). Moreover, it has been
shown that nerve growth factor treatment on transplanted blood vessels of old
animals restore the density of perivascular nerves equal to the density in young
tissue (Gavazzi and Cowen, 1993). These findings suggest that an excessive or a
deficient production of NGF might explain the observed differences in nerve fiber
density in these vessels. It may be summarized that, the following factors may
cohere in determining local patterns of nerve fiber densities; (1) metabolic demand,
(2) haemodynamic factors, (3) availability of neurotrophic factors.
An alternative explanation for the observed decrease in nerve fiber density in
the anosmic group may be a reduced projection from the olfactory bulb to the
anterior cerebral artery. However, to our knowledge such a projection does not
exist and is therefore unlikely to occur. A second explanation could be a direct toxic
effect from zinc sulfate on the perivascular nerves. This is also highly unlikely since
there was no difference in nerve fiber density between the groups for the internal
ethmoidal artery.  The internal ethmoidal artery supplies the nasal cavity (Coyle,
1975) and should be affected if there was a direct effect of zinc sulfate on the
perivascular nerves.
The results of the present study provide a structural basis to support our
hypothesis that local patterns of innervation in cerebral arteries are influenced by
changes in flow fluctuations, which are due to fluctuations in metabolic demand.
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Changes in metabolic demand in the olfactory
bulb leads to a decrease in cholinergic- and
nitrergic nerve fibers in the anterior cerebral
artery of the rat
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Introduction
In the previous chapter we hypothesised a coupling between variation in
metabolic demand and corresponding flow fluctuations in the afferent arteries
leading to adaptation of the nerve fiber densities in these arteries. This was tested
by inducing chronic anosmia, through intranasal application of zinc sulfate. We
showed that peripherally induced anosmia results in a decreased nerve fiber
density in the anterior cerebral artery, which coincides with a decreased metabolic
activity in the olfactory bulb. The question remains whether all nerve population(s)
is/are affected for the observed decrease in nerve density in the anterior cerebral
artery.
It is well established that the cerebrovascular nerves contain a range of
neurotransmitter substances as well as peptides and gases and are able to store
and release more then one transmitter. For instance, it has been shown that
parasympathetic transmitters such as nitric oxide (NO) and acetylcholine (ACh) and
NO and vasoactive intestinal polypeptide (VIP) are colocalized in the same
perivascular nerves in cerebral blood vessels of the cat (Kimura et al., 1997) and
pig (Yu et al., 1998) and have been classified as cholinergic-nitrergic and VIPergic-
nitrergic nerves. In the rat, the pterygopalatine ganglion is a major source for these
parasympathetic neurons (Suzuki et al., 1989; 1990a) and activation seems to
enhance cortical cerebral blood flow (CBF) (Seylaz et al., 1988; Suzuki et al.,
1990b) which may be mediated by release of ACh, VIP or NO or a combination of
these (Suzuki et al., 1988; Gotoh et al., 1993; Morita-Tsuzuki et al., 1993). The
sympathetic nerves originate in the superior cervical ganglion and contain
neuropeptide Y (NPY)- and noradrenaline immunoreactive neurons (Edvinsson et
al., 1987; Handa et al., 1990). Whereas, the sensory nerves originate in the
trigeminal ganglion and contain substance P (SP)- and calcitonin gene-related
peptide (CGRP)- immunoreactive neurons (Uddman et al., 1985).
The data accumulated so far support the view that perivascular nerves play a
role in the regulation of the cerebral circulation and that their density may alter due
to variation in flow and metabolic demand. Therefore, the current study was
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undertaken to determine which subpopulation, sympathetic and/or
parasympathetic, declines after inducing anosmia. Immunohistochemical
techniques were used to localize the general neural marker protein gene product
(PGP) 9.5-, the sympathetic nerves containing tyrosine hydroxylase (TH) and the
parasympathetic nerves containing vesicular acetylcholine transporter (VAChT),
VIP and nitric oxide synthase (NOS) in the basal cerebral arteries. In most
investigations of quantification of nerve fiber density, superficial nerves and the
nerves at the adventitial-medial border were not studied separately. However, it has
been shown that the nerves at the advential-medial border provide local functional
innervation because of their close relationship with smooth muscle cells (Burnstock,
1975).  Therefore, also a detailed description of the distribution of PGP 9.5, TH,
VAChT, VIP and NOS, as measured at the adventitial-medial border, is given for all
the segments of the basal cerebral arteries.
Material and Methods
Anosmia procedure
Forty-six male Wistar rats, weighing 300-350 gram, were used in this study.
The committee of experiments on laboratory animals approved all experimental
procedures. Anosmia was induced as described in detail in chapter 2. Briefly, under
anesthesia (Hypnorm 0.01ml/100 gr. body weight s.c., Janssen Pharmaceuticals,
Netherlands) a polypropylene tube was inserted 1 cm into each naris followed by
administration of 0.05 ml of either 10 % zinc sulfate (Merck, Germany) in 0.9 %
saline (n = 23) or 0.9 % saline (n = 23) twice a week during 4 weeks. The anosmic
state of the animals was verified by a food location test and the olfactory epithelium
was examined by sectioning and hematoxylin/eosin staining at the end of the
experiment.
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Tissue preparation
Perfusion procedures were performed on all rats with a Watson-Marlow 503S
rotation pump (Smith and Nephew, Falmouth, UK). Under deep anesthesia (sodium
pentobarbital, 0.1 ml per 100 gram body weight i.p.) a cannula was inserted into the
ascending aorta and the rats were perfused with 300 ml 0.9% NaCl containing 500
IE heparin (Leo Pharmaceutical, Weesp, the Netherlands). Then 500 ml 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4, at 4˚C) was perfused over 15
minutes, followed by 500 ml 15% sucrose in 0.1 M phosfate butter (pH 7.4, at 4˚C)
during 15 minutes. Subsequently, the brains were removed and stored in 15%
sucrose in 0.1 M Phosphate Buffered Saline (PBS).
Immunohistochemistry
The basal cerebral arteries were dissected and mounted on sylgard (Dow
Corning, USA) with entomology needles. Subsequently, an indirect
immunohistochemistry was performed at room temperature.
One series of segments i.e. right parts of the circle of Willis (n = 23) were
washed in HEPES buffer containing 0.1 % Triton X-100 for 30 minutes followed by
pre-incubation in 5 % normal swine serum (Dako, Denmark) in HEPES buffer for 90
minutes. Subsequently, they were incubated overnight in either Rabbit anti PGP 9.5
(Ultraclone Limited, UK) or Rabbit anti TH (Calbiochem-Novabiochem, USA) both
diluted 1 : 400 in HEPES buffer containing 1 % normal swine serum, 0.1 % Triton
X-100 and 0.1 % DL-Lysine. After washing in PBS for 30 minutes the segments
were incubated in fluorescein isothiocyanate (FITC)- conjugated swine anti rabbit
antiserum (Dako, Denmark) diluted 1 : 40 in PBS containing 1 % normal swine
serum, 0.1 % Triton X-100 and 0.1 % DL-Lysine for 90 minutes. After washing in
PBS the segments were stained for 10 minutes with 0.05 % pontamine sky blue
(BDH, UK) to reduce background autofluorescence (Cowen et al., 1985) and
washed again in PBS.
A second series of segments i.e. left parts of the circle of Willis (n = 8) were
washed in HEPES buffer containing 0.1 % Triton X-100 for 30 minutes followed by
pre-incubation in 5 % normal goat serum (Dako, Denmark) in HEPES buffer for 90
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minutes. The segments were incubated overnight in Rabbit anti VAChT (Phoenix
Pharmaceuticals, USA) diluted 1 : 1500 in HEPES buffer containing 1 % normal
goat serum, 0.1 % Triton X-100, 0.1 % DL-Lysine and 5 % Bovine Serum Albumin
(BSA; Sigma, Germany). After washing in PBS for 30 minutes the segments were
incubated in 1 : 250 goat anti rabbit biotinylated IgG (Dako, Denmark) for 90
minutes washed again for 30 minutes in PBS and were finally incubated in 1 : 1000
Streptavidin FITC (Dako, Denmark) for 90 minutes. After washing in PBS the
segments were stained for 10 minutes with 0.05 % pontamine sky blue.
A third series of segments i.e. left parts of the circle of Willis (n=15) were
washed in PBS- 0.2 % Triton X-100 for 30 minutes followed by pre-incubation in
either 5 % normal goat serum or 5 % normal swine serum in PBS- 0.2 % Triton X-
100 for 90 minutes. The segments were incubated overnight in either guinea pig
anti VIP ( Eurodiagnostica, Netherlands) diluted 1 : 500 or in 1 : 1000 rabbit anti
NOS (Eurodiagnostica, Netherlands) in PBS- 0.2 % Triton X-100 containing 0.1 %
DL-Lysine and 1 % BSA. After washing in PBS for 30 minutes the segments were
incubated in either 1 : 200 goat anti guinea pig Alexa 594 (Molecular Probes,
Netherlands) or in 1 : 40 swine anti rabbit FITC in PBS-0.2 % Triton X-100
containing 0.1 % DL-Lysine for 90 minutes. Only the segments stained for NOS
were stained for 10 minutes with 0.05 % pontamine sky blue. All the segments were
streched on glass slides and mounted in antifade mountant (Citifluor, London, UK).
Image analysis
PGP 9.5-, TH-, NOS-, VAChT- and VIP- immunoreactivity was quantified
using established methods of image analysis (Cowen et al., 1982; Cowen and
Thrasivoulou, 1992). The deepest nerve plexus layer, which is functionally
important and is situated at the adventitial-medial border (Bleys and Cowen, 2001),
was measured by the use of a Zeiss fluorescence microscope (Munchen,
Germany) equipped with a 3 CCD color video camera (Sony, Japan) and a Kontron
4.3 image analyzer. Area percentage (percentage of specific fluorescence in the
measuring frame) and intercept density per millimeter (ID/mm, number of
intersections of the horizontal pixel lines that make up the screen of the image
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analyzer with the bundles of nerve fibers) were determined. The mean values of the
data were determined by analysis of variance (ANOVA) and Fisher PLSD test.
Results
Anosmia
All animals treated with zinc sulfate were unable to locate the chocolate
cookie the first day after each irrigation procedure. Their olfactory epithelium was
considerably thinner compared to controls (data not shown).
Image analysis
PGP 9.5 immunoreactivity
All animals displayed the same topographical distribution in nerve density,
which was greatest in the rostral part of the circle of Willis. The anosmic animals
showed a significant decrease in nerve density expressed as area % for the A1-1
segment which is proximal to the origin of the internal ethmoidal artery (IEA) as well
as for the A1-2 segment which is distal to the origin of the IEA (11.03 ± 0.1 vs. 13.3
± 0.1, mean ± S.E.M., P < 0.001; 11.6 ± 0.2 vs. 14.9 ± 0.4, P < 0.001, Fig. 1A)
compared to controls. For ID/mm the anosmic animals also showed a decreased
nerve density for the A1-1 segment as well as for the A1-2 segment (46.6 ± 1.2 vs.
53.5 ± 1.4, P < 0.05; 49.8 ± 1.9 vs. 58.6 ± 1.7, P < 0.05, Fig. 1B). However, there
was a significant increase in nerve density for the internal carotid artery (ICA) for
ID/mm in the anosmic group (48.0 ± 0.8 vs. 42.6 ± 1.8, P < 0.05, Fig. 1B) compared
to controls.
TH immunoreactivity
All the animals displayed the same topographical distribution in nerve
density, which was greatest in the IEA followed by both parts of the anterior
cerebral artery, the ICA then the middle cerebral artery (MCA), the posterior
cerebral artery (PCA), the basilar artery and the vertebral artery in decreasing
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order. There was no difference in nerve density between the two groups (Fig.
3A,B,C,D) either expressed as area % (Fig. 2A) or ID/mm (Fig. 2B) in all the
segments.
Fig. 1. Mean values and standard error of the mean (A) area percentage and (B) ID/mm of PGP
9.5-immunoreactive nerve fibers in various segments of the basal cerebral arteries from control
(open bar; n=16) and anosmic (closed bar; n=15) animals as measured at the adventitial- medial
border. * P < 0.05; **P < 0.01. VERT= vertebral artery; prBAS= proximal part of the basilar artery;
distBAS= distal part of the basilar artery; PCA= posterior cerebral artery; ICA= internal carotid
artery; MCA = middle cerebral artery; A1-1= first part of the anterior cerebral artery; A1-2= second
part of the anterior cerebral artery; IEA= internal ethmoidal artery.
Fig. 2. Mean values and standard error of the mean (A) area percentage of TH-immunoreactive
nerve fibers (B) ID/mm of TH- immunoreactive nerve fibers in various segments of the basal
cerebral arteries from control (open bar; n=7) and anosmic (closed bar; n=8) animals as measured
at the adventitial-medial border. For abbreviations see figure 1 legend.
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Fig. 3. Whole mount preparations of perivascular nerves, stained for TH. The deep plexus is
transversely orientated and is situated close at the adventitial- medial border (A) A1-1 segment,
anosmic (B) A1-1 segment, control (C) A1-2 segment, anosmic (D) A1-2 segment, control. Scale
bar = 120 µm
NOS immunoreactivity
All the animals displayed the same topographical distribution in nerve
density, which was greatest in the second part of the anterior cerebral artery (A1-2)
followed by the IEA, the A1-1 segment, the ICA then the MCA, the PCA, the basilar
artery and the vertebral artery in decreasing order. The anosmic animals showed a
significant decrease in nerve density expressed as area % for the A1-1 segment
(Fig. 4A,B) as well as for the A1-2 segment (Fig. 4C,D; 6.6 ± 0.5 vs. 9.4 ± 0.2, p <
0.01; 8.1 ± 0.3 vs. 10.7 ± 0.2, P< 0.01, Fig. 5A) compared to controls. For ID/mm
the anosmic animals also showed a significant decrease in nerve density for the
A1-1 segment as well as for the A1-2 segment (28.9 ± 2.8 vs. 40.9 ± 1.4, p < 0.01;
36.8 ± 2.6 vs. 47.3 ± 1.2, P < 0.01, Fig. 6A) compared to controls.
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Fig. 4. Whole mount preparations of perivascular nerves, stained for NOS. (A) A1-1 segment,
anosmic (B) A1-1 segment, control (C) A1-2 segment, anosmic (D) A1-2 segment, control. Scale
bar = 120 µm
VAChT immunoreactivity
All the animals displayed the same topographical distribution in nerve
density, which was greatest in the IEA followed by both parts of the anterior
cerebral artery, then the ICA, the MCA, the PCA, the basilar artery and the
vertebral artery in decreasing order. The anosmic animals showed a significant
decrease in vesicle content expressed as area % for the A1-1 segment (Fig. 7A,B)
as well as for the A1-2 segment (Fig. 7C,D; 1.4 ± 0.1 vs. 2.4 ± 0.3, P < 0.05; 1.2 ±
0.1 vs. 2.1 ± 0.3, P < 0.05, Fig. 5B) compared to controls. For ID/mm there was
also a significant decrease in vesicle content in the anosmic animals for the A1-1
segment as well as for the A1-2 segment (13.1 ± 1.1 vs. 21.1 ± 1.6, p < 0.01; 11.6 ±
1.0 vs. 20.2 ± 2.0, P < 0.01, Fig. 6B) compared to controls.
Chapter 3
44
Fig. 5. mean values and standard error of
the mean of area % (A) NOS- (B) VAChT-
(C) VIP- immunoreactive nerve fibers from
control (open bar, n=8) and anosmic (closed
bar, n=7) animals. * P  < 0.05 ** P  < 0.01.
For abbreviations see figure 1 legend.
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Fig. 6. mean values and standard error of
the mean of ID/mm (A) NOS- (B) VAChT-
(C) VIP- immunoreactive nerve fibers from
control (open bar, n=8) and anosmic
(closed bar, n=7) animals. ** P < 0.01. For
abbreviations see figure 1 legend.
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VIP immunoreactivity
All the animals displayed the same topographical distribution in nerve
density, which was greatest in the IEA followed by both parts of the anterior
cerebral artery, then the ICA, the MCA, the PCA, the basilar artery and the
vertebral artery in decreasing order. There was no difference in nerve density
between the two groups (Fig. 8A,B,C,D) either expressed as area %  (Fig. 5C) or
ID/mm (Fig. 6C).
Fig. 7. Whole mount preparations of perivascular nerves, stained for VAChT (A) A1-1 segment,
anosmic (B) A1-1 segment, control (C) A1-2 segment, anosmic (D) A1-2 segment, control. Scale
bar = 120 µm.
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Fig. 8. Whole mount preparations of perivascular nerves, stained for VIP (A) A1-1 segment,
anosmic (B) A1-1 segment, control (C) A1-2 segment, anosmic (D) A1-2 segment, control. Scale
bar = 120 µm.
Discussion
Topographical distribution
Until now, quantitative techniques for determining nerve densities in the basal
cerebral arteries in rats did not distinguish between the functional deep plexus, at
the adventitial-medial border, and nerves of passage, except for a pilot study by
Bleys and Cowen (2001). In our view, it is important to make this distinction since a
regionally specific distribution of terminal fibers may indicate functional differences.
This becomes especially important when one investigates the parasympathetic
innervation of the rostral cerebral circulation in rat. Parasympathetic nerves, and
sensory as well, gain access to the cerebral arterial tree at the level of the IEA, and
as a consequence high nerve densities in rostral arteries are expected when
terminal fibers as well as nerves of passage are included. In this study, the density
of the nerve fibers in controls containing NOS, VAChT, VIP and TH were higher in
the rostral part compared to the caudal part of the circle of Willis.  Moreover, the
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rostral part of the circle of Willis receives the highest density in NOS-
immunoreactive nerve fibers compared to VIP -and TH- immunoreactive nerve
fibers. The topographical distribution of VAChT-immunoreactivity appears to be
similar to that of NOS. Nevertheless, several studies were conducted in which they
used semiquantitative techniques to measure the nerve densities of acetylcholine
esterase (AchE)- (Hara et al., 1985), TH- (Jacobowitz et al., 1987), VIP- (Hara et
al., 1985; Kobayashi et al., 1981) and nicotinamide adenine dinucleotide phosphate
(NADPH)- containing nerve fibers (Nozaki et al., 1993; Suzuki et al., 1994). They
demonstrated that the distribution of NADPH revealed a similar pattern to that of
VIP and the distribution of AChE – containing nerves appeared to be similar to VIP.
However, AChE is not a specific marker for cholinergic nerves, since it has also
been found in adrenergic and sensory nerves (Chubb et al., 1980). Moreover,
quantitative measurements as done in this study, will give a more accurate
overview of the density of the perivascular nerves in cerebral arteries.
Within the pterygopalatine ganglion colocalization has been found for NOS
and VIP, NOS and ChAT and for VIP and ChAT in different species (Nozaki et al.,
1993; González et al., 1997; Kimura et al., 1997; Yu et al., 1998). Colocalization of
these transmitters has also been found in the perivascular nerves except for ChAT
and VIP. Yu and colleagues (1998) suggested that ChAT and VIP, which are
localized within the same cell body, could distribute differently and independently at
the terminal level. However, it has been shown that ChAT immunoreactivity is
present in cholinergic superficial nerve fibers and in cell bodies, while VAChT, a
functional acetylcholine transporter, is especially present in nerve terminals (Weihe
et al., 1996; Schäfer et al., 1998). This makes VAChT a more reliable marker to
study colocalization with VIP in the perivascular nerves and to determine whether
there is a different distribution at the terminal level between VIP and acetylcholine.
Functional considerations
In this study we demonstrated that peripheral induced anosmia leads to a
decreased density in PGP 9.5- (16% decline), NOS- (27% decline) and VAChT-
(39% decline) containing nerves in the anterior cerebral artery, whereas there was
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no difference in nerve density between controls and anosmic animals for VIP- and
TH- containing nerve fibers. The question is, how in our model the presumed
changes in flow following metabolic changes lead to a decreased nerve density. We
propose a role for neurotrophic factors. The neurotrophic factors responsible for
parasympathetic neuronal survival and outgrowth are not well defined.
Nevertheless, neurturin (NRTN) a member of the glial cell-derived neurotrophic
factor (GDNF), signaling via the GDNF family receptor α2 (GFRα2), has been
identified as a target derived factor for parasympathetic neurons (Rossi et al., 2000;
Laurikainen et al., 2000a; Laurikainen et al., 2000b). It has been shown that mice
lacking GFRα2 have a significant decrease in NOS containing nerves in the dorsal
penile and cavernous nerves (Laurikainen et al., 2000a). However, in the
duodenum of GFRα2 deficient mice no difference in NADPH- diaphorase staining
was observed (Rossi et al., 1999). Whereas, GFRα2 deficient mice as well as mice
lacking NRTN have a reduced density of AChE-positive fibers in the myenteric
plexus of the duodenum but the VIP positive fibers appeared not to be affected
(Rossi et al., 1999; Heuckeroth et al., 1999). Therefore, the decrease in NOS- and
VAChT containing nerves in the present study could be due to a decreased
availability of NRTN/GFRα2. Since, the density of VIP-immunoreactive nerves were
equal in both groups, this could be due to the fact that VIP does not need
NRTN/GFRα2 for survival. Moreover, it has been shown that a majority of
neurotrophin-3 (NT3) immunoreactive neurons contained VIP in the ganglion cells
of the rat small intestine (De Giorgio et al., 2000).  Whether some of the VIP
containing neurons in the pterygopalatine ganglion also contain NT3 has to be
elucidated. However, it has been shown that nerve growth factor (a member of the
neurotrophin family), is expressed within a majority of pterygopalatine neurons
(Hasan and Smith, 2000). Therefore, it seems likely that the parasympathetic
neurons expressing NOS, VIP and or VAChT are sustained by different
neurotrophic factors i.e. NOS and VAChT requires NRTN/GFRα2 for signaling and
VIP requires NT3 for signaling.
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On a more functional level, the long-term decrease in density of
parasympathetic fibers in cerebral arteries following a decrease in metabolic
demand of a brain region supplied by these arteries, suggests a role for these fibers
in coupling metabolism and CBF. This coupling has thus far been ascribed to
chemical and metabolic regulation mechanisms at the level of small arteries and
arterioles (Gotoh and Tanaka, 1988). Based on the present results, we speculate
that involvement of large arteries is a prerequisite for the occurrence of flow
changes in the small vessels. The importance of this involvement of large arteries
may be to prevent vascular steal in which another brain area supplied by the same
artery suffers from increases of flow to the active brain region (Faraci and Heistad,
1990). For this phenomenon we ascribe a role to the dilatory parasympathetic
system, which may explain why the density of TH-containing nerves remained
unaltered in the present experiment. It has been shown that NO and not ACh or VIP
mediates the major component of the neurogenic vasodilatation. Support for this
comes from studies in which inhibition of NOS affected cerebral blood flow in the
same way as did denervation (Nozaki et al., 1993; Minami et al., 1994; Talman and
Dragon, 1995; Talman and Dragon, 2000). Furthermore, based on pharmacological
studies in which they showed that transmural nerve stimulation elicited neurogenic
vasodilatation, which is not blocked by atropine but is blocked by inhibitors of NO
synthesis indicating that NO mediates the predominant neurogenic vasodilator
response in cerebral arteries (Lee, 1980; Lee and Sarwinski, 1991).
In conclusion, our results show that the cerebral arteries are supplied with
numerous parasympathetic and sympathetic nerve fibers and that the cholinergic-
and nitrergic nerve fibers are subjected to changes whenever there is a chronic
change in metabolic demand. Whether these changes in nerve density are due to
changes in blood flow and changes in availability in growth factors needs to be
elucidated in further experiments.
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Chapter 4
Parasympathetic nerves contribute to flow-
metabolism coupling after presenting a mixture of
odorants to the nasal cavity in rat
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Introduction
In the previous chapters we demonstrated that peripherally induced anosmia
resulted in a decreased parasympathetic nerve fiber density in the anterior cerebral
artery in rat, which coincided with a decreased metabolic activity in the olfactory
bulb. We speculated that this decrease in nerve fiber density was caused by
changes in flow fluctuations in arteries supplying the olfactory bulb, which were due
to fluctuations in metabolic demand in this area.
There is general agreement that local blood flow is tightly coupled to neuronal
metabolism, with increases in metabolism leading to increases in cerebral blood
flow (CBF). This coupling has so far been ascribed to depend on chemical
substances such as H+, CO2, and adenosine in small arteries (Iadecola, 1993). The
role of the perivascular nerves in large arteries in coupling flow-metabolism is far
from clear. It is possible that perivascular nerves can adjust CBF to changes in
metabolic demand because they are well supplied with an extensive plexus of
sympathetic and parasympathetic nerve fibers, which can rapidly secrete
aminergic, peptidergic, cholinergic and nitrergic neurotransmitters upon stimulation.
However, direct evidence that the perivascular nerves are playing a role in flow-
metabolism coupling is still lacking. Among the neurovascular influences, the role of
sympathetic nerves has been most extensively studied while knowledge about the
parasympathetic nerves is less clear.
It is well established that from the pterygopalatine ganglion, which contains
nitric oxide (NO)-, acetylcholine (ACh)- and vasoactive intestinal polypeptide (VIP)-
immunoreactive neurons, the basal cerebral arteries receive a dense
parasympathetic innervation (Suzuki et al., 1988; Suzuki et al., 1994). It has been
shown that NO is the major component in mediating neurogenic vasodilatation and
not VIP or ACh which are both co-released with NO (Lee and Sarwinsky, 1991;
Lee, 2000; Lee et al., 2001). ACh and VIP act more like modulators, which lead to
inhibition or facilitation of NO release, respectively. Stimulation of the
parasympathetic fibers increases CBF and this increase is attenuated by
administration of nitric oxide synthase (NOS) inhibitors and by sectioning of the
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parasympathetic nerve fibers (Suzuki et al., 1990b; Morita-Tsuzuki et al., 1993;
Talman and Dragon, 2000).
It is clear from the data presented above that the parasympathetic nerves are
involved in regulating cerebrovascular tone, but it is still far from clear whether they
contribute to flow-metabolism coupling.
In the present study, the coupling between neuronal metabolism and local
regional CBF is studied and we suggest that the perivascular nerves are important
in mediating this coupling.
Olfactory processing begins with detection of odorants by olfactory receptors
located in the nasal epithelium and afferent information from these receptors is
carried towards the olfactory bulb. Based upon this, we speculate that presenting a
mixture of odorants would not elicit an increase in CBF in the olfactory bulb in
anosmic rats due to destruction of the nasal epithelium in anosmic rats. In the
current study CBF was measured by means of laser doppler flowmetry (LDF) after
presenting a mixture of odorants to the nasal cavity of anosmic rats.
Material and Methods
 Irrigation procedure
Sixteen male Wistar rats (weight 300-350 g) were used in this study. Anosmia
was induced and tested as previously described (see chapter 2 for details). Briefly,
under anaesthesia (Hypnorm 0.01 ml/100 g body weight, s.c. Janssen
Pharmaceuticals, Netherlands) a polypropylene tube was inserted 1 cm into each
naris followed by administration of 0.05 ml of either 10% zinc sulfate (n=8; Merck,
Germany) in 0.9% saline or 0.9% saline (n=8) twice a week during four weeks and
the anosmic state of the animals was verified by a food location test. Subsequently,
LDF was performed and afterwards the animals were killed with an overdose of
Euthesate i.p. (Apharma, Netherlands) and the nasal epithelium was examined
after haematoxylin/eosin staining.
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Laser-Doppler flowmetry
Experimental procedures
Following intubation, the rats were mechanically ventilated (Harvard
ventilator, model 683) with 1.75% isoflurane in 70% N2O/ 30% O2  (Herz et al.,
1998). When necessary, ventilation was adjusted to maintain PaCO2 and pH within
the ranges of 35.0-41.0 mm Hg and 7.35-7.45 respectively.
The left femoral artery was cannulated with a PE catheter (ID 1.57 mm, OD
2.08 mm) for measurement of mean arterial blood pressure (MAP) and to obtain
blood samples for blood gas analyses.
A burr hole of approximately 3 mm in diameter was made over the right
olfactory bulb with the aid of a dissecting microscope. The hole was frequently
cooled with saline during drilling to prevent excessive heating. The dura mater was
left intact, since opening of the dura mater causes the loss of cerebrovascular
autoregulation (Morita et al., 1995).
Measurement of MAP, blood gas and body temperature
MAP was measured with a pressure transducer (Viggo-Spectramed,
disposable DTX/plus transducer) connected to a preamplifier system (Utrecht
University, Netherlands) attached to a data acquisition/processing system (vide
infra).
Arterial blood gases were measured with a blood gas analyzer (Ciba Corning
type 288) and body temperature was measured by means of a rectal probe and
kept at 37 ± 0.5 ºC (Harvard, Homeothermic blanket control unit).
Measurement of Cerebral blood flow
Cerebral blood flow was recorded continuously by LDF and was measured
with a Perimed flowmeter (Periflux PF3, Perimed, Sweden). The flowmeter was
equipped with a 2mW helium-neon laser with a wavelength of 632.8 nm. Blood flow
oscillations were recorded using the 12 kHz low-pass filter setting and a 0.2 s time
constant. Flow values are expressed in arbitrary units (perfusion units, PU). The
needle probe (tip diameter of 0.45 mm; PF 302) was placed in a micromanipulator
Flow-metabolism coupling
55
and positioned above the dura mater, saline was applied to moisten the dura and fill
the space between dura and probe, precautions were taken in order to avoid
artefacts (as described by Iadecola and Reis, 1990). The exact site of probe
positioning in the hole was chosen in such a way that the basal CBF was between
100 and 150 PU. Values at these levels are known to represent microcirculation
(Iadecola and Reis, 1990). The analogue output of the system was connected to a
data acquisition/processing system.
Odorant presentation
A polypropylene tube, connected to a vaporizer, was 1 cm inserted into the
right naris. Inside the vaporizer there was a mixture of pure lavender oil, peppermint
oil, almond oil and thyme oil. Before presenting the odorant mixture humidified air,
obtained from water that was inside the vaporizer, was presented to the animals as
a control. Stimulus duration was 150 sec.
Phenylephrine administration
After the presentation of the odorants the animals received a dose of 50
µg/kg L-phenylephrine hydrochloride (Sigma, USA) intravenously in the tail vein.
Subsequently, CBF was measured in the olfactory bulb in order to demonstrate flow
responsiveness in both groups.
Data acquisition/processing system
The MAP and CBF were continuously recorded i.e. 30 min before, during the
stimulus presentation and 30 min after odorant presentation and processed by a
Bio Signal Processing System (Department of Instrumental Services, University of
Limburg, Maastricht, Netherlands). This system samples these signals at 500 Hz
and processes them on a real-time base. The collected data were sent to a
Pentium computer. MAP was calculated using the formula: MAP= (2 * diastolic
blood pressure + systolic blood pressure)/ 3). Resistance was calculated using the
formula: R = MAP/CBF. Baseline values were determined by calculating the mean
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of a 30 min. period before presenting the odorant. Differences between the two
groups were examined using ANOVA and Fisher’s PLSD-test.
Results
Anosmia
All animals treated with zinc sulfate were unable to locate the chocolate
cookie the first day after each irrigation procedure. Their olfactory epithelium was
considerably thinner compared to controls (data not shown).
Physiological parameters
The animals in both groups had normal blood gas values (Table 1) and blood
pressure values (Table 2), with no significant differences between the two groups.
None of these parameters changed significantly during and after the presentation of
the odorant (Table1 and 2).
Before presentation During presentation After presentation
PaCO2 PaO2 PaCO2 PaO2 PaCO2 PaO2
Control 39 ± 0.4 114 ± 3 41 ± 0.4 116 ± 2 39 ± 1 115 ± 3
Anosmia 39 ± 0.3 115 ± 3 40 ± 0.7 116 ± 2 39 ± 1 115 ± 2
Table 1: Blood gas values (mmHg) before-, during- and after presentation of the odorants.
Values are shown as mean ± sem.
Before presentation During presentation After presentation
MAP MAP MAP
Control 90 ± 1 90 ± 1 91 ± 2
Anosmia 90 ± 2 90 ± 1 91 ± 2
Table 2: Blood pressure values (mmHg) before-, during- and after presentation of the
odorants. Values are shown as mean ± sem.
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Local cerebral blood flow after odorant- and drug presentation
Odorant presentation resulted in a significant increase in CBF in controls
(106 ± 1 vs. 130 ± 2) compared to anosmic animals (106 ± 1 vs. 104 ± 0.4; P <
0.0001; Fig. 1A). The vascular resistance remained the same during odorant
presentation in anosmic animals whereas in controls the resistance decreased
during odorant stimulation (Fig. 1B). Humidified air presentation did not elicit any
changes in blood flow in both groups.
The CBF and MAP response to L-phenylephrine hydrochloride was similar in
both groups (Table 3).
 Fig. 1. (A) Blood flow changes (mean ± s.e.m.) and (B) Vascular resistance (mean ± s.e.m.) in the
olfactory bulb after presentation a mixture of odorants. Black bar indicates stimulus duration.
MAP
(before)
MAP
(after)
CBF
(before)
CBF
(after)
Control 89 ± 2.0 145 ± 4.2 118 ± 2.0 150 ± 2.0
Anosmia 90 ± 1.0 144 ± 6.8 119 ± 3.0 148 ± 2.2
Table 3: The mean arterial blood pressure (MAP, mmHg) and cerebral blood flow (CBF, PU)
response before and after administration of L-phenylephrine.
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Discussion
The results from the present study demonstrate that in anosmic animals
odorant presentation did not elicit any change in cerebral blood flow in the olfactory
bulb whereas in controls, there was a significant increase in cortical blood flow in
the olfactory bulb after presenting the odorant. This increase in blood flow was not
accompanied by any change in PaCO2, PaO2, blood pressure. Administration of L-
phenylephrine hydrochloride elicited an increase in CBF in the olfactory bulb as well
as an increase in MAP was observed in both groups. The latter result indicates that
in anosmic animals CBF can increase due to a physiological response, i.c. blood
pressure increase.
It has been shown that a variety of odorants can stimulate trigeminal
receptors in the nasal cavity and electric stimulation of the trigeminal receptor
induces an increase in CBF in the brain (Suzuki et al., 1990c; Silver, 1992). Also,
stimulation of nasal receptors can induce respiratory and cardiovascular responses
such as bronchodilatation, bradycardia and apneu, all of which are supposed to be
mediated by trigeminal receptors (James and Daly, 1972; McRitchie and White,
1974). In the present study, we did not observe any changes in physiological
functions during odorant stimulation or an increase in CBF in the anosmic group,
therefore, we conclude that we did not stimulate the trigeminal receptor during
odorant presentation. Also, odorants could enter the blood stream directly from the
nasal cavity and induce a change in vessel tone in which they would give a direct
effect on CBF. If this was the case in our study then we would have seen a change
in blood pressure in both groups after presenting the odorant.
In the present study, we examined the coupling between neuronal
metabolism and local regional blood flow and now we suggest that the perivascular
nerves are important in mediating this coupling. We previously demonstrated that
anosmia resulted in a decrease in cholinergic- and nitrergic nerve fibers in the
anterior cerebral artery, which coincides with a decreased metabolic activity in the
olfactory bulb. In this study we showed that there is no change in CBF in the
olfactory bulb in the anosmic animals after odorant presentation.
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Various studies demonstrated a tight coupling between neuronal activation
and blood flow, but it is still a matter of debate what substance is responsible for
coupling flow-metabolism (Dirnagl et al., 1993; Dirnagl et al., 1994; Cholet et al.,
1996). Some studies have ascribed a role to neuronal NO as a mediator in flow-
metabolism coupling whereas others question this involvement. For instance, after
whisker stimulation inhibition of neuronal NOS attenuates cortical blood flow in the
somatosensory cortex without affecting the metabolic activity in this area (Cholet et
al., 1997; Bonvento et al., 2000). Whereas, in another study application of inhibitors
of NOS did not inhibit the increase in blood flow that occur during vibrissal
stimulation (Wang et al., 1993). This suggests that neuronal NO within parenchymal
neurons may not be a major link for coupling metabolism and blood flow under all
circumstances. Besides neural regulation, chemical factors (arterial pCO2 and pO2)
and metabolic factors (H+, K+ and adenosine) are known to be involved in the
regulation of CBF. These mechanisms are important for coupling metabolism and
flow at the level of small arteries and arterioles. Another factor that may be involved
in coupling CBF and metabolism is the parasympathetic nerve supply at the basal
cerebral arteries, thus at the level of large arteries. The influence of this innervation
in flow-metabolism coupling has received little attention in the literature. However it
is not impossible that they contribute to this coupling since changes of flow and
pressure in small arteries may occur as a result of influences of perivascular nerves
in the basal cerebral arteries. The role for parasympathetic nerves could be
important when flow through large cerebral arteries increases and these arteries
failed to dilate, microvascular pressure would fall and thereby impair tissue
perfusion (Fujii et al., 1991). Thus, dilatation of large arteries is a prerequisite for
the chemical-metabolic coupling at the level of small vessels.
In addition, the major component for vasodilatation in the cerebral arteries
has been shown to be NO, which is produced from the metabolic conversion of L-
arginine to L-citrulline by means of the NO synthase enzyme. NOS is present in the
endothelium and in perivascular nerves and NO production by one of these sources
is likely to be involved in flow-metabolism coupling. It has been shown that,
stimulation of the postganglionic nerve fibers from the pterygopalatine ganglion, a
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major source for parasympathetic neurons, enhances CBF and this increase was
abolished after intravenous administration of NG-nitro-L-arganine methyl ester (L-
NAME; Morita-Tsuzuki et al., 1993). Since, L-NAME is a non-selective inhibitor of
NOS-activity this suggests that the decrease in CBF after L-NAME administration
could be the result of a diminished NO release from the perivascular nerves and or
from the endothelium. It is very likely that the mechanism, which couples CBF and
metabolism is multifactorial, for instance, one factor involves the release of a
vasodilation agent from the endothelium and another could be the release of a
vasodilation agent from the parasympathetic nerve terminals.
Combining results from the present and earlier studies, we provide evidence
that the cholinergic- and nitrergic nerves are possibly essential in coupling flow and
metabolism since, odorant presentation did not elicit any change in CBF in anosmic
animals whereas in controls there was a significant increase in CBF.
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In vivo infusion of neurturin prevents the decrease
in NOS- immunoreactive nerve fibers in the
anterior cerebral artery of the anosmic rat
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Introduction
In the previous chapters, it was demonstrated that peripheral induced
anosmia resulted in a decrease in cholinergic- and nitrergic nerve fibers in the
anterior cerebral artery, which coincides with a decreased metabolic activity in the
olfactory bulb. Flow measurements revealed no changes in flow in the olfactory
bulb after presenting a mixture of odorants into the nasal cavity of the anosmic rat.
It appears that flow changes following changes in metabolic demand led to a
decreased nerve fiber density. The question remains how signaling from flow
changes to the vascular vessel wall and as a consequence alterations in nerve fiber
densities take place. We propose a role for neurotrophic factors in altering the
cholinergic- and nitrergic nerve fiber density in the anterior cerebral artery in the
anosmic rat.
Studies on neurotrophic factors affecting the parasympathetic nerves have
been scarce, in contrast to studies on neurotrophic factors affecting the sympathetic
nerves. Recently, it was shown that neurturin (NRTN) is a neurotrophic factor for
many cranial parasympathetic and enteric neurons (Laurikainen et al., 2000a;
Enomoto et al., 2000). NRTN is a member of a family of neurotrophic factors that
activates the Ret tyrosine kinase in the presence of a glycosylphosphatidylinositol-
linked coreceptor or GFRα2 (Kotzbauer et al., 1996; Jing et al., 1997). Adult mice
lacking NRTN or GFRα2 displayed a reduction of target innervation in the lacrimal
gland by the pterygopalatine ganglion. Furthermore, GFRα2-deficient mice show a
reduced parasympathetic innervation in the parotid gland, a prime target of the otic
ganglion (Heuckeroth et al., 1999; Rossi et al., 1999). Thus, NRTN and GFRα2 are
important for the survival and maintenance of parasympathetic neurons. So far,
however, NRTN has not been demonstrated in the basal cerebral arteries.
Nevertheless, NRTN mRNA has been shown in smooth muscle layer of penile
blood vessels and GFRα2 mRNA was expressed in all cell bodies of the penile
neurons (Laurikainen et al., 2000a). Also it was found that GFRα2-deficient mice
had a reduced number of NOS-containing fibers in the dorsal penile nerves. On the
basis of these lines of evidence NRTN could be important in our model, and may be
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an important candidate to explain the observed decrease in nerve density in the
anosmic rat. We hypothesize that exogenous NRTN infused into the ventricular
system will drain into the subarachnoid space where it comes into contact with the
basal cerebral arteries and prevents the decrease of cholinergic- and nitrergic
nerve fibers as seen in the anosmic rat.
In the present study, our aim is to investigate whether NRTN mRNA is
present in the basal cerebral arteries and if in vivo infusion of NRTN will have an
effect on the density of the cholinergic- and nitrergic cerebrovascular nerves. NRTN
was infused during 14 days into the lateral ventricles, by using osmotic minipumps,
of the anosmic rat. Subsequently, immunohistochemical techniques were used to
localize the parasympathetic nerves containing vesicular acetylcholine transporter
(VAChT) and nitric oxide synthase (NOS) in the basal cerebral arteries and the
nerve fiber densities, as measured at the adventitial medial border, were quantified
by image analysis.
Material and methods
Animals
Thirty-four male Wistar rats, weighing 300-350 gram, were used in this study.
The committee of experiments on laboratory animals approved all experimental
procedures.
Minipump preparation and implantation
Osmotic minipumps with a 14-day infusion rate of 0.5 µl/hr (Alzet # 2002,
Charles River, Netherlands) were filled with 234 µl recombinant human NRTN
(PeproTech, England) dissolved in 1 mM HCl (pH 3.0) or with 1 mM HCl (pH 3.0,
vehicle). Rats received 1 µg/day recombinant human NRTN (n=8) or 1 mM HCl
(n=7; pH 3.0) during 14 days. The pump was connected to a polyethylene catheter
attached to a cannula for implantation into the ventricles. Rats were anesthetized
with Hypnorm (0.1 ml/100 g body weight i.m, Janssen Pharmaceuticals,
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Netherlands). A saggital incision was made and a 1 mm diameter hole was drilled
on the right side of bregma and the cannula was lowered into the right lateral
ventricle and cemented into place with dental acrylic. Two additional holes were
drilled for skull screws to anchor the dental acrylic. A subdermal tunnel was made
to the midback region and the osmotic pump and polyethylene catheter were
inserted and the incision was then sutured.
At the end of the experiment the amount of infusate left in the pumps was
measured and the placement of the cannula in the lateral ventricle was investigated
with blue dye.
Anosmia procedure
Following osmotic minipump implantation (n=15) and in those who did not
receive an osmotic minipump (n=16), anosmia was induced through intranasal
application of 10 % zinc sulfate (n=23; Merck, Germany) and the controls without a
minipump received 0.9 % saline (n=8) twice a week during 2 weeks. Under
anaesthesia (Hypnorm 0.01 ml/100 g body weight s.c.) a polypropylene tube was 1
cm inserted into each naris followed by administration of 0.05 ml 10 % zinc sulfate.
The anosmic state of the animals was verified by a food location test (for details
see Chapter 2) and the olfactory epithelium was examined by sectioning and
hematoxylin/eosin staining at the end of the experiment.
Tissue preparation
Perfusion procedures were performed (n=31) with a Watson-Marlow 503S
rotation pump (Smith and Nephew, Falmouth, UK). Under deep anesthesia (sodium
pentobarbital, 0.1 ml per 100 gram body weight i.p.) a cannula was inserted into the
ascending aorta and the rats were perfused with 300 ml 0.9% NaCl containing 500
IE heparin (Leo Pharmaceutical, Weesp, the Netherlands). Then 500 ml 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4, at 4˚C) was perfused over 15
minutes, followed by 500 ml 15% sucrose in 0.1 M phosfate butter (pH 7.4, at 4˚C)
during 15 minutes. Subsequently, the brains were removed and stored in 15%
sucrose in 0.1 M Phosphate Buffered Saline (PBS).
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Immunohistochemistry
The basal cerebral arteries were dissected and mounted on sylgard (Dow
Corning, USA) with entomology needles. Subsequently, an indirect
immunohistochemistry was performed at room temperature.
One series of segments i.e. right parts of all the circle of Willis (n=31) were
washed in PBS- 0.2 % Triton X-100 for 30 minutes followed by pre-incubation in 5
% normal swine serum in PBS- 0.2 % Triton X-100 for 90 minutes. The segments
were incubated overnight in 1: 1000 rabbit anti NOS (Eurodiagnostica, Netherlands)
in PBS- 0.2 % Triton X-100 containing 0.1 % DL-Lysine and 1 % BSA. After
washing in PBS for 30 minutes the segments were incubated in fluorescein
isothiosyanate (FITC)-conjugated swine anti rabbit antiserum (Dako, Denmark)
diluted 1:40 in PBS containing 0.2 % Triton X-100 and 0.1 % DL-Lysine for 90
minutes. After washing in PBS, the segments were stained for 10 min with 0.05 %
pontamine sky blue (BDH, UK) in PBS to reduce background autofluorescence
(Cowen et al., 1985) and washed again in PBS. The segments were stretched on
glass slides and mounted in antifade mountant (Citifluor, England).
A second series of segments i.e. left parts of all the circle of Willis (n=31)
were washed in HEPES buffer containing 0.1 % Triton X-100 for 30 minutes
followed by pre-incubation in 5 % normal goat serum (Dako, Denmark) in HEPES
buffer for 90 minutes. The segments were incubated overnight in Rabbit anti
VAChT (Phoenix Pharmaceuticals, USA) diluted 1: 1500 in HEPES buffer
containing 1 % normal goat serum, 0.1 % Triton X-100, 0.1 % DL-Lysine and 5 %
Bovine Serum Albumin (BSA; Sigma, Germany). After washing in PBS for 30
minutes the segments were incubated in 1: 250 goat anti rabbit biotinylated IgG
(Dako, Denmark) for 90 minutes washed again for 30 minutes in PBS and were
finally incubated in 1 : 1000 Streptavidin FITC (Dako, Denmark) for 90 minutes.
After washing in PBS the segments were stained for 10 minutes with 0.05 %
pontamine sky blue and washed again in PBS and stretched on glass slides and
mounted in antifade mountant (Citifluor).
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Image analysis
NOS- and VAChT- immunoreactivity was quantified using established
methods of image analysis (Cowen et al., 1982; Cowen and Thrasivoulou, 1992).
The deepest nerve plexus layer, which is functionally important and is situated at
the adventitial-medial border (Bleys and Cowen, 2001), was measured by the use
of a Zeiss fluorescence microscope (Munchen, Germany) equipped with a 3 CCD
color video camera (Sony, Japan) and a Kontron 4.3 image analyzer. Area
percentage (percentage of specific fluorescence in the measuring frame) and
intercept density per millimeter (ID/mm, number of intersections of the horizontal
pixel lines that make up the screen of the image analyzer with the bundles of nerve
fibers) were determined. The mean values of the data were determined by analysis
of variance (ANOVA) and Fisher PLSD test.
In Situ Hybridization
Digoxigenin (DIG)-labeled sense and antisense cRNA probes were
generated using appropriate RNA polymerases (SP6, T7; Roche). DNA templates
were mouse NRTN (nucleotides 349-936 of U78109) a gift from C. Ibáñez
(Karolinska Institute, Stockholm, Sweden). Mouse NRTN was cloned by
transformation. The identity of the cloned fragments was verified by direct
sequencing.
In situ hybridization (n=3) was performed on 16 µm cryostat sections
mounted on super frost plus slides (Menzal glaser, Germany). Sections were post-
fixed for 10 min with 4 % paraformaldehyde in PBS then acetylated and washed
with PBS followed by pre-incubation for 2 hours with hybridization mix containing 50
% deionized formamide, 5x SSC (750 mM NaCL and 75 mM Na citrate, pH 7.0), 5x
Denhardt’s (0.05 % ficoll-400, 0.05 % polyvinylpyrrolidone, 0.05 % BSA-fraction V),
250 µg tRNA bakers yeast and 500 µg sonificated salmon sperm DNA).
Subsequently, the sections were incubated O/N at 72º C with hybridization mix
containing sense or anti sense probe.
Post-hybridization washes were undertaken at 72º C in 2x SSC followed by 2 hours
in 0.2x SSC and 5 min at room temperature in buffer 1 (1 M TrisHCL and 5 M
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NaCL, pH 7.4) subsequently the sections were pre-incubated for 1 hour in 10 %
heat inactivated fetal calf serum (HI FCS) followed by O/N incubation at 4º C with 1
: 5000 digoxigenin-AP Fab fragments (Boehringer, Germany) in buffer 1 with 1 %
HI FCS. The sections were washed three times for 5 min in buffer 1 and once in
buffer 2 (1 M TrisHCL, 1 M MgCl2 and 5 M NaCl) for 5 min followed by O/N
incubation in the dark with buffer 2 containing BCIP/NBT (Boehringer, Germany)
and levamisol (Sigma, Germany). The sections were dehydrated in graded
concentrations of alcohol and coverslipped with entellan (Merck, Germany).
Results
Anosmia
All animals treated with zinc sulfate were unable to locate the chocolate
cookie the first day after each irrigation procedure. Their olfactory epithelium was
considerably thinner compared to controls (data not shown).
Minipump output
60 µl infusate was found in the pumps at the end of the 13-days infusion
period, it was calculated that 13.13 µg NRTN (i.e. 1.01 µg/day) entered the
ventricular system.
Image Analysis
NOS-immunoreactivity
The anosmic animals, which did not receive an osmotic minipump, showed a
significant decrease in nerve density expressed as area % for the internal carotid
artery (ICA), the A1-1 segment as well as for the A1-2 segment compared to
controls (8.3 ± 0.4 vs 9.6 ± 0.6, mean ± S.E.M., P < 0.01; 8.6 ± 0.4 vs 10.3 ± 0.5, P
< 0.01; 8.9 ± 0.6 vs 11.1 ± 0.7, P < 0.01, Fig. 1A). For ID/mm the anosmic animals
also showed a decreased nerve density for the A1-1 segment as well as for the A1-
2 segment (38.8 ± 1.8 vs 54.3 ± 1.5, P < 0.01; 40.5 ± 2.1 vs 48.5 ± 1.6, P < 0.05,
Fig. 1B).
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NRTN-treatment
The animals that received NRTN showed a significant increase in nerve
density expressed as area % for the A1-1 segment (Fig. 2A,B) as well as for the
A1-2 segment (Fig. 2C,D) compared to the animals that received 1 mM HCL  (11.6
± 0.3 vs 9.9 ± 0.5, P < 0.01; 11.5 ± 0.4 vs 9.8 ± 0.4, P < 0.01, Fig.1C). Also, there
was a significant increase in nerve density for ID/mm from the animals that received
NRTN compared to 1 MM HCL infusion for the A1-1 segment (54.3 ± 1.5 vs 44.3 ±
2.5, P < 0.01, Fig. 1D).
Fig.1. Mean values and standard error of the mean of (A) area% NOS-immunoreactive nerve fibers
from control and anosmic animals (B) ID/mm NOS-immunoreactive nerve fibers from control and
anosmic animals (C) Area % of NOS-immunoreactive nerve fibers from anosmic animals receiving
either NRTN or HCl (D) ID/mm of NOS-immunoreactive nerve fibers from anosmic animals
receiving either NRTN or HCl in various segments of the basal cerebral arteries. * P < 0.05 ** P <
0.01. VERT= vertebral artery; prBAS= proximal part of the basilar artery; distBAS= distal part of the
basilar artery; PCA= posterior cerebral artery; ICA= internal carotid artery; MCA = middle cerebral
artery; A1-1= first part of the anterior cerebral artery; A1-2= second part of the anterior cerebral
artery; IEA= internal ethmoidal artery.
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Fig. 2. Whole mount preparations of perivascular nerves, stained for NOS. The deep plexus is
transversely orientated and is situated close at the adventitial- medial border (A) A1-1 segment,
vehicle (B) A1-1 segment, NRTN (C) A1-2 segment, vehicle (D) A1-2 segment, NRTN. Scale bar =
120 µm
VAChT immunoreactivity
The anosmic animals showed a significant decrease in nerve density
expressed as area % for the A1-1 segment as well as for the A1-2 segment
compared to controls (1.0 ± 0.1 vs 2.1 ± 0.1, P < 0.01; 0.8 ± 0.1 vs 1.7 ± 0.2, P <
0.01, Fig. 3A). For ID/mm the anosmic animals also showed a significant decrease
in nerve density for the A1-1 segment as well as for the A1-2 segment (8.7 ± 1.2 vs
16.9 ± 0.7, P < 0.01; 8.5 ± 1.1 vs 13.6 ± 1.0, P < 0.01, Fig. 3B).
NRTN-treatment
There was no difference in nerve density between the animals that received 1
mM HCL-vehicle and the animals that received NRTN either expressed as area %
or ID/mm for all the segments (Fig. 3C,D; Fig 4 A,B,C,D).
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Fig. 3. Mean values and standard error of the mean of (A) area% VAChT-immunoreactive nerve
fibers from control and anosmic animals (B) ID/mm VAChT-immunoreactive nerve fibers from
control and anosmic animals (C) Area % of VAChT-immunoreactive nerve fibers from anosmic
animals receiveing either NRTN or HCl (D) ID/mm of VAChT-immunoreactive nerve fibers from
anosmic animals receiving either NRTN or HCl in various segments of the basal cerebral arteries.
** P < 0.01. For abbreviations see fig. 1 legend.
Expression of NRTN mRNA
In situ hybridization showed that NRTN mRNA is widely expressed in the
pterygopalatine ganglion (Fig. 5A) as well as in the smooth muscle layer of the
cerebral arteries (Fig. 5B). The NRTN-sense probe showed no hybridization in
either the pterygopalatine ganglion or cerebral arteries.
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Fig. 4. Whole mount preparations of perivascular nerves, stained for VAChT. The deep plexus is
transversely orientated and is situated close at the adventitial- medial border (A) A1-1 segment,
vehicle (B) A1-1 segment, NRTN (C) A1-2 segment, vehicle (D) A1-2 segment, NRTN Scale bar =
120 µm
Fig. 5. (A) NRTN mRNA expression in the pterygopalatine ganglion. Scale bar = 100 µm. (B)
NRTN mRNA expression in the A1-1 segment. Scale bar = 90 µm
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Discussion
The results of the present study demonstrated that two weeks after inducing
anosmia there is a reduction in the number of NOS- and VAChT- containing nerve
fibers. In earlier experiment, anosmia was induced during four weeks the decrease
in NOS- and VAChT containing nerve fibers appeared to be greater after four
weeks compared to two weeks. Nevertheless, inducing anosmia during two weeks,
NOS- and VAChT- immunoreactive nerve fibers decrease significant compared to
controls. In an attempt to prevent a decrease of the cholinergic- and nitrergic nerve
fiber density in the anosmic rat we infused NRTN in vivo in the anosmic rat. The
results described here demonstrate that infusion of NRTN into the ventricular
system is only able to prevent the decrease in nitrergic nerve fiber density.
Furthermore, in situ hybridization showed that NRTN mRNA is widely expressed in
the pterygopalatine ganglion as well as in the smooth muscle layer of the cerebral
arteries.
It should be mentioned that ACh and NO have been shown to be co-released from
the same nerve and has been classified as cholinergic-nitrergic nerve (Lee et al.,
2001). However, no quantification study has been performed to determine the
degree of colocalization between ACh and NO. Therefore, it is possible that
besides the cholinergic-nitrergic nerves also separate cholinergic- and nitrergic
nerve fibers exist innervating the basal cerebral arteries.
It has been demonstrated that NRTN plays a role in maintaining
parasympathetic innervation. NRTN- and GFRα2-deficient mice show severe but
variable deficits in cranial parasympathetic innervation. For instance, the neurons in
the pterygopalatine ganglion of NRTN-deficient mice are reduced in size but these
neurons survive and there is loss of innervation to the lacrimal gland (Heuckeroth et
al., 1999). GFRα2 is localized in parasympathetic nerve fibers of the parotid gland
and in neurons of the pterygopalatine ganglion and otic ganglion. In GFRα2-
deficient mice these neurons become slightly smaller in size (Rossi et al., 2000)
and in the absence of NRTN neurons in the otic ganglion fail to accomplish proper
innervation to the parotid gland (Enomoto et al., 2000). This all suggests that NRTN
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may be important for axonal arborization in parasympathetic neurons. This is
supported by the present study as well as by another study in which it was shown
that NRTN induces neurite outgrowth in vitro as well as in vivo (Holm et al., 2002).
In the present study NRTN infusion prevents the decrease in  density of
NOS-containing nerves to the level seen in controls. This indicates that in our
model in which there is a decrease in cholinergic- and nitrergic nerve fibers, NRTN
can only prevent selectively the decrease in nitrergic nerve fibers in the anosmic
rat. One explanation for this could be that due to alterations in the vessel wall
NRTN availability is restricted. Support for this comes from studies in ageing rats,
where a decrease in sympathetic nerve fibers was found (Thrasivoulou and Cowen,
1995) and also atrophy of the cerebrovascular wall, increased collagen content and
thickening of the basal lamina (Chaldakov et al., 1992). As a result, access of
neurotrophin by the sympathetic nerve fibers may be difficult. After in vivo infusion
of NGF the density in sympathetic nerve fibers increases indeed (Andrews and
Cowen, 1994; Isaacson and Crutcher, 1998). Whether changes in the vessel wall,
that decreases the availability of NRTN, are also present in our model has to be
elucidated. Furthermore, restriction of NRTN availability would not be specific for
the cholinergic elements.
Changes in haemodynamics may be the link in altering the availability of
neurotrophic factors. The role of pressure is known, for example, Steers et al.
(1991) induced partial urethral obstruction in rats and demonstrated that the
hypertrophied bladders were accompanied by growth of neurons that supply the
bladder and they also found a more than proportionate increase of NGF levels in
the hypertrophied bladders and demonstrated a role for NGF in the neurotrophic
effects associated with obstruction. Thus, stretch-activated NGF-secretion in
smooth muscle cells may be involved in an increase in NGF production.
In the current model however, we think that changes in flow-fluctuations result in a
decrease or increase of target-derived neurotrophic factors. Since, we observed no
changes in flow after presenting a mixture of odorants to the nasal cavity of
anosmic rats and flow changes is an important factor in the regulation of innervation
of cerebral arteries, we speculate that in our model due to a reduction in flow-
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fluctuations there is a reduction of NRTN-availability from the smooth muscle cell
sustaining an appropriate innervation.
Another explanation may be found when one considers the role of the
receptor GFRα2. It has been shown that in GFRα2 deficient mice there is a
reduction in NOS-containing nerve fibers projecting to the penis (Laurikainen et al.,
2000a). Whereas in sympathetic neurons, it was shown that NGF given
systemically increases the levels of the NGF receptor mRNA (Miller et al., 1991). It
is possible that infusion of NRTN regulates the expression of GFRα2, which
prevents a decrease in nitrergic nerve fiber density in the anosmic rat. However,
more studies are needed to examine GFRα2 levels and NRTN levels and if NRTN
is capable of regulating the expression of GFRα2 mRNA in vivo.
NRTN/GFRα2 signaling may not be important for all parasympathetic nerves
in the cerebral arteries, since we did not observe an effect in VAChT-containing
nerves in the anosmic rat after NRTN-infusion. It is well known that other growth
factors are present in the cerebral arteries as well as in the pterygopalatine
ganglion. For instance, nerve growth factor (NGF) has been demonstrated in
vascular smooth muscle cells as well as in the pterygopalatine ganglion (Hassan
and Smith, 2000). However, colocalization studies are needed to prove whether
VAChT-immunoreactive nerve fibers colocalize with NGF. This could mean that
among parasympathetic nerve fibers there is heterogeneity in signaling by different
growth factors.
In conclusion, we have demonstrated a specific decrease in nerve fiber
density in the anosmic rat in which different subpopulations of nerve fibers
degenerate. Among these subpopulations only the density in nitrergic nerve fibers
increase after NRTN infusion. It is possible that NRTN up regulates GFRα2
expression in the nitrergic nerve fibers favoring sprouting whereas the cholinergic
nerves are not susceptible for NRTN infusion suggesting that they are supported by
a different growth factor.
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It is well established that the arteries supplying the brain receive both a
sympathetic and a parasympathetic innervation and upon activation these nerves
influence the caliber of arteries and thus the peripheral vascular resistance and the
flow of blood towards the brain. Following the observation of a topographical
heterogeneity as well as local changes in nerve fiber densities during ageing and
disease, the idea emerged that perivascular nerves can exert an effect upon
cerebral vessels during a change in metabolic demand, hereby presenting a new
aspect of neural regulation of the cerebral circulation. As a consequence of this, in
the introductory chapter we expounded a theory that might explain both the
topographical heterogeneity and the time-dependent changes in nerve fiber
densities and we proposed a coupling between variations in metabolic demand and
corresponding flow fluctuations in the afferent arteries inducing appropriate nerve
fiber densities in these arteries.
In the preceding chapters it was described how this hypothesis was tested by
inducing an experimental olfactory deficit or anosmia through intranasal application
of zinc sulfate. From chapter 2 it can be concluded that multiple applications of zinc
sulfate are necessary to establish a complete degeneration of the olfactory
epithelium by which the amount of information flow towards the olfactory bulb is
reduced. Consequently, a decrease in metabolic activity in the olfactory bulb is
expected and has been demonstrated by a reduced succinate dehydrogenase
staining. This led to a decrease in NOS- and VAChT-immunoreactive nerve fibers
as demonstrated in chapter 3. In addition, a detailed description was made of the
distribution of the sympathetic and parasympathetic nerve fibers as measured at
the adventitial-medial border. This is especially important since in most
investigations of quantification of nerve fiber density superficial nerves and the
nerves at the adventitial-medial border were not studied separately. However, it has
been shown that the nerves at the adventitial-medial border provide local functional
innervation because of their close relationship with smooth muscle cells and the
presence of varicosities (Bursnstock, 1975). Also, it is important to make this
distinction since a regionally specific distribution of terminal fibers may indicate
functional differences. This becomes especially important when one investigates
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the rostral part of the cerebral circulation in rat since, parasympathetic nerves and
sensory as well gain access to the cerebral arterial circulation at the level of the
IEA, and as a consequence high nerve densities are expected when superficial and
deep nerve fibers are included. It was demonstrated that the rostral part has higher
densities of NOS- and VAChT-immunoreactive nerve fibers compared to VIP- and
TH-immunoreactive nerve fibers. The results from chapter 2 and 3 provide a
structural basis to support our hypothesis that local patterns of innervation in
cerebral arteries are influenced by changes in metabolic demand. We speculated
that this decrease in nerve fiber density is caused by changes in flow fluctuations in
arteries supplying the olfactory bulb, which are due to fluctuations in metabolic
demand in this area. So far many agents have been proposed to mediate the
increase in regional CBF elicited by neural activity, i.e. H+, CO2, O2, K
+, adenosine,
neurotransmitters and NO. However the role of NO, released by parenchymal
neurons, as a mediator of flow-metabolism coupling has been controversial. For
instance, administration of NOS inhibitors such as L-arginine methyl ester (L-
NAME) or NG-nitro-L-arginine (L-NA) attenuates CBF during vibrissal stimulation
(Dirnagl et al., 1993; Dirnagl et al., 1994) whereas others reported that the increase
in CBF is not inhibited  (Irikura et al., 1993; Wang et al., 1993). These conflicting
results could be attributed to the method used by which CBF is measured or to the
anesthetic used or the concentration used of NOS-inhibitors. Nevertheless, there is
a growing body of evidence to support NO as an important mediator in the coupling
of neural activity and CBF. This is based on the fact that NOS-containing neurons
have dendritic processes and axonal terminals closely associated with intracerebral
arterioles (Iadecola et al., 1993). NO released by these neurons could stimulate
guanylyl cyclase in the arteriolar smooth muscle cell, thereby influencing
microvascular tone. The role of the perivascular nerves in large arteries in flow-
metabolism coupling was considered minor. The influence of the parasympathetic
activity on the cerebral circulation has been examined by both stimulation and
lesioning of the postganglionic nerve fibers of the pterygopalatine ganglion (Suzuki
et al., 1990b). Electric stimulation of the postganglionic nerve fibers enhances CBF
and dilates the pial arteries in the rat (Suzuki et al., 1990b), this flow increase was
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considered purely neurogenic and was not associated with any change in glucose
utilization (Goadsby, 1990). This study has provided evidence that the
parasympathetic nerve fibers may play a role in flow-metabolism coupling since, it
was shown in chapter 4 that presenting a mixture of odorants to the nasal cavity of
anosmic rats did not elicit any change in CBF in the olfactory bulb whereas in
controls there was a significant increase in CBF observed. Since anosmia led to a
decrease in cholinergic- and nitrergic nerve fibers in the first part of the anterior
cerebral artery, we can speculate that the parasympathetic nerve fibers may play a
role in flow-metabolism coupling. This role may be to prevent vascular steal, i.e.
when a particular inactive brain area supplied by the same artery suffers from
increase in flow to another active brain region (Faraci and Heistad, 1990), the
parasympathetic nerves protect the inactive brain area by means of vasodilatation
of the supplying artery. However, we were not able to measure flow responses in
the large arteries directly. Nevertheless, the results presented in chapter 4 explains
why in our model the density of TH-immunoreactive nerve fibers remained
unaltered and why we observed no change in flow after stimulating an area, which
is metabolic inactive.
Signaling from changes in flow to the vessel wall and as a consequence
alterations in nerve fiber densities may be linked through an alteration in availability
of neurotrophic factors. A role for pressure is known, for example, following bladder
outlet obstruction, there is a period of bladder hypertrophy, increased voiding
frequency, and increments in the size of innervating neurons because of the
enhanced synthesis of nerve growth factor (NGF) by bladder smooth muscle cells
(Steers et al., 1991). Additionally, in certain animal models of hypertension,
vascular smooth muscle is marked by elevated resting tension, hypertrophy,
increased NGF output and sympathetic hyperinnervation (Donohue et al., 1988,
1989) and autoimmunity to NGF prevents vascular hyperinnervation and high blood
pressure (Brock et al., 1996). These results suggest an intimate relationship
between the vascular smooth muscle cells and NGF secretion. For the cerebral
arteries, in our model flow changes rather then pressure changes seem to be the
trigger, resulting in a decrease or increase of target derived neurotrophic factors.
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This is supported by the findings in chapter 5 in which it was shown that in vivo
NRTN infusion, a specific neurotrophic factor for parasympathetic nerves, could
prevent the decrease of nitrergic nerve fibers in the anterior cerebral artery of the
anosmic rat. Since, NRTN-infusion did not have an effect on the VAChT-containing
nerve fibers it was speculated that they are supported by a different growth factor.
The question remains how in our model signaling in the vessel wall occurs
leading to an altered production in neurotrophic factors. It is feasible, that due to
alterations in flow fluctuations, which have been shown to diminish shear stress in
the vessel, an altered production of endothelial derived factors could account for an
altered release of neurotrophic factors by the vascular smooth muscle cells.
Assuming that this factor can diffuse from the endothelial cells into the smooth
muscle cell layer where it interacts with a neurotrophic factor. The mechanisms
underlying endothelial - smooth muscle cell interactions are far from clear as well
as the factors involved in this interaction.
It has become evident from the results presented in this thesis that we
succeeded in achieving our aims, as being defined in chapter 1, and the main
outcome of the results are that the nitrergic nerve fibers may play an important role
in flow-metabolism coupling, providing a structural basis to support our hypothesis
(Fig. 1).
Anosmia
Reduced metabolic
activity in the olfactory
bulb
Reduced flow in the 
olfactory bulb
Reduced flow in the
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Fig. 1. Schematic representation of the hypothesis, dashed arrows indicate the unsolved matters in
our hypothesis whereas the non-dashed arrows indicate what can be concluded from the results
presented in this thesis.
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Based on the present results we hypothesize that parasympathetic nerves
are important to prevent vascular steal by vasodilatation, when metabolic demand
in a particular area increases. The question remains how the cerebral arteries
receive a signal from the microcirculation, which causes activation of the
parasympathetic nerve fibers in these arteries. During increases in metabolism
cerebral microvascular pressure has to be maintained, the rich parasympathetic
innervation of large cerebral arteries and the proposed role of parasympathetic
nerve fibers in preventing vascular steal, suggest a role in regulation of cerebral
microvascular pressure. The activation of the parasympathetic nerve fibers is likely
to occur via stimulation of the trigeminovascular system. Recently, a close
topographical interrelation of these systems has been demonstrated (Suzuki et al.,
2002). Neurokinin-1 receptors are present along the axons of VIP-containing nerve
fibers in the cerebral arteries, these receptors can be activated by substance P,
calcitonin gene-related peptide (CGRP) and neurokinin released from the sensory
nerve fibers. This suggests that the sensory nerves modulate the function of
parasympathetic nerves on cerebral vessels. The major role of the
trigeminovascular system is to respond to threat to the integrity of the cerebral
blood supply, in situations such as hypoxia and post-seizures (Edvinsson et al.,
1986). Since the trigeminal sensory fibers are situated at the interface between the
brain and the circulation, they are able to sample the microenvironment
continuously. They respond either by local release of vasodilator peptides or by its
central connections with the parasympathetic system. Stimulation of the trigeminal
ganglion increases blood flow via a reflex that traverse the brainstem with its
efferent being through the facial nerve (Lambert et al., 1984) and the facial nerve is
the main parasympathetic outflow for the cerebral arteries through the
pterygopalatine ganglion. Thus, changes in microvasculature is sensed by the
trigeminovascular system in an unknown manner, which activates parasympathetic
neurons via a reflex mechanism which in turn leads to vasodilatation in the basal
cerebral arteries. This reflex mechanism may play an as yet undetermined role in
flow-metabolism coupling, however, this requires a very complex system pathway
within the brain and needs further investigations.
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Not only the peripheral autonomic nervous system but also the central
pathways are involved in the innervation of the cerebral arteries. Knowledge about
these central pathways is important in order to understand the changes that occur
in the cerebral arteries during pathological conditions. For instance, it has been
shown that after subarachnoid hemorrhage (SAH), there is a profound loss of NOS-
immunoreactive nerve fibers in the basal cerebral arteries in primates (Pluta et al.,
1996). This degree in nitrergic nerve fibers, which has been observed on day 14
after inducing SAH, could be the result of a lesion in distinct central nervous system
regions, for instance the hypothalamus, which is the center for autonomic
responses. It has been shown by lesioning experiments that the hypothalamus is
involved in the development of acute and late cerebral vasospasm in primates
(Svendgaard et al., 1992). Spencer and coworkers (1990) showed that the
pterygopalatine ganglion neurons via the superior salivatory nucleus receives input
from distinct central nervous system regions including several hypothalamic nuclei
(viz. dorsal, lateral and paraventricular). Therefore, the reduced NOS-
immunoreactive nerve fibers, as seen during vasospasm, could be due to damage
of the hypothalamus. However, it is not clear how these nerve fibers are damaged
during vasospasm. It is possible that blood or a product of hemoglobin in the
subarachnoid space produce vasospasm via a direct effect on the nerve fibers. If
so, this could explain the observed decrease in NOS-immunoreactive nerve fibers.
Nevertheless, degradation products could stimulate sensory afferents and set in
motion the events in the brainstem, where the hypothalamus is the final effector
organ, which induces acute and late vasospasm.
We can only speculate about how the nerve fibers in the basal cerebral
arteries receive a signal, but it is conceivable that the neural pathway producing
cerebrovascular changes, as seen during vasospasm and signaling from the
microcirculation to the cerebral arteries takes place via a reflex mechanism (Fig. 2).
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Fig. 2. Reflex pathway between peripheral- and central nervous systems.
It may be summarized that according to the results presented in this thesis
the following factors may cohere in determining local patterns of nerve fiber
densities in the cerebral arteries; (1) metabolic demand, (2) flow changes, (3)
availability of neurotrophic factors regulation. More knowledge about how signaling
from the microcirculation to the basal cerebral arteries as well as the direct
innervation from the central nervous system towards the cerebral arteries will help
to understand the processes occurring during disease affecting the nerve fiber
densities in the cerebral arteries.
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Summary
This thesis deals with the question whether a coupling between variation in
metabolic demand and corresponding flow fluctuations in the afferent arteries of the
circle of Willis leads to adaptation of the nerve fiber densities in these arteries. The
aims are to use anosmia as a model in the rat which probably alter the nerve fiber
density in the basal cerebral arteries due to alteration in metabolic demand and to
determine if changes in flow fluctuations occur and whether neurotrophic factors
can prevent a change in nerve fiber densities in these arteries.
Chapter 1 presents an overview about the current understanding of flow-
metabolism coupling and the heterogeneous nature of the innervation of the basal
cerebral arteries, which is illustrated by the differences in the extent of innervation
as found in different species as well as the variation in degree of innervation. The
mechanism responsible for this heterogeneity in nerve density is discussed and
could be attributed to changes in metabolic demand, haemodynamic factors and an
altered release of neurotrophic factors by the vessel wall.  Based on this we
propose a coupling between variation in metabolic demand and corresponding flow
fluctuations in the afferent arteries inducing appropriate nerve fiber densities in
these arteries. The basic aim of this thesis is to investigate the proposed coupling
by inducing an experimental olfactory deficit or anosmia in the adult rat.
Chapter 2 deals with the induction of chronic anosmia, through intranasal
application of zinc sulfate, during different time points. The extent of degeneration
of the olfactory epithelium was examined after staining with hematoxylin/eosin and
showed a marked reduction of thickness in the anosmic group. Also, it led to a
decreased metabolic activity in the olfactory bulb as shown by a reduced succinate
dehydrogenase staining. Whole mount preparations of the basal cerebral arteries
were immunostained for the general neural marker protein gene product (PGP) 9.5
and the nerve fiber densities were quantified by image analysis and expressed as
area percentage of the vessel wall and intercept density. This analysis showed a
significant reduction in area percentage for the first part of anterior cerebral artery
(A1-1) as well as for the second part of the anterior cerebral artery (A1-2) and a
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significant reduction in intercept density for the A1-2 segment was found. The
results described herein provided a structural basis to support our hypothesis and
the usefulness of our model to investigate the proposed coupling. The following
chapter deals with the question, whether all nerve population(s) is/are affected for
the observed decrease in nerve density in the anterior cerebral artery.
In chapter 3 Immunohistochemical techniques were used to identify the
sympathetic and parasympathetic nerve fibers in whole mount preparations of the
basal cerebral arteries containing tyrosine hydroxylase (TH) and nitric oxide
synthase (NOS), vesicular acetylcholine transporter (VAChT) and vasoactive
intestinal polypeptide (VIP) as well as the general neural marker PGP 9.5. In
addition a detailed description of the distribution of these nerve fibers is given, as
measured at the adventitial-medial border, for all the segments of the basal
cerebral arteries. Measurements on the whole mount preparations showed that the
rostral part of the circle of Willis receives the highest density in NOS- and VAChT-
immunoreactive nerve fibers compared to VIP- and TH- immunoreactive nerve
fibers. Also, it was demonstrated that anosmia leads to a decreased density in
NOS- and VAChT- containing nerves in the anterior cerebral artery. Possible
functional implications of this decrease in cholinergic- and nitrergic nerve fibers are
discussed.
In chapter 4 the coupling between cerebral blood flow (CBF) and metabolism
and the importance of the perivascular nerves in mediating this coupling are
described. A mixture of odorants was presented to the nasal cavity of anosmic and
control rats as well as humidified air was presented. Subsequently, CBF was
measured in the olfactory bulb by means of laser doppler flowmetry (LDF). At the
end of the experiment all the animals received L-phenylephrine intravenously in the
tail vein in order to demonstrate flow responsiveness in both groups. The results
showed that in anosmic animals odorant presentation did not elicit any change in
CBF in the olfactory bulb whereas in controls there was a significant increase in
CBF. This increase in blood flow was not accompanied by any change in
physiological parameters. Administration of humidified air did not elicit a change in
CBF in both groups whereas administration of L-phenylephrine increase CBF in the
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olfactory bulb as well as an increase in mean arterial blood pressure was observed.
The role of the parasympathetic nerves are discussed as well as their highly
underestimated role in flow-metabolism coupling.
In chapter 5 we postulate that altered availability of neurotrophic factors may
play a role in determining innervation density in the cerebral arteries. It is
investigated whether neurturin (NRTN), which has been shown to be a specific
growth factor for parasympathetic nerves, could prevent the decrease in
cholinergic- and nitrergic nerve fibers in the anosmic rat. Therefore, NRTN was
infused into the lateral ventricle of anosmic rats over a 14 days period and HCL was
used as control. Immunohistochemical techniques were used to localize the
parasympathetic nerves containing VAChT and NOS. The nerve fiber densities
were quantified by means of image analysis and were expressed as area
percentage of the vessel wall and intercept density. This analysis showed that
NRTN is able to prevent the decrease in NOS-immunoreactive nerve fibers
whereas there was no change in VAChT-containing nerve fibers compared to the
anosmic animals, which received HCL instead. Furthermore, in situ hybridization
was used to localize NRTN mRNA in the basal cerebral arteries as well as in the
pterygopalatine ganglion. It was shown that NRTN mRNA is widely expressed in
the smooth muscle layer of the cerebral arteries as well as in the pterygopalatine
ganglion. Why NRTN can only prevent a decrease in the NOS-immunoreactive
nerve fibers in the anosmic rat is discussed.
In chapter 6 the main findings of the present study are further evaluated.
Based on the present results it is hypothesized that parasympathetic nerves are
important to prevent vascular steal by vasodilatation, when metabolic demand in a
particular area increases. Also, we postulate that not only the peripheral autonomic
nervous system but also the central pathways are involved in the innervation of the
cerebral arteries.
86
Samenvatting
87
Samenvatting
De studies beschreven in dit proefschrift onderzoeken de vraag of de
zenuwdichtheden in de aanvoerende arteriën zich aanpassen aan veranderingen in
metabole vraag en overeenkomstige flow fluctuaties in de aanvoerende arteriën
van de cirkel van Willis. Door gebruik te maken van het anosmie model in de rat zal
er een verandering optreden in zenuwdichtheid in de basale hersenarteriën
hetgeen veroorzaakt wordt door veranderingen in metabole vraag. Voorts wordt er
bepaald of veranderingen in flow fluctuaties optreden en of toediening van
groeifactoren de veranderingen in zenuwdichtheden in de aanvoerende arteriën
kan voorkomen.
In hoofdstuk 1 wordt een literatuuroverzicht gegeven over de bestaande
kennis ten aanzien van flow-metabolisme koppeling alsmede wordt de
heterogeniteit van de zenuwdichtheden in de basale hersenarteriën besproken. Het
mechanisme dat voor deze heterogeniteit verantwoordelijk is, wordt bediscussieerd
en wordt toegeschreven aan veranderingen in metabole vraag van neuronen,
hemodynamische factoren en een veranderde produktie van groeifactoren in de
vaatwand. De bevindingen die in het literatuuroverzicht zijn beschreven hebben
geleid tot de veronderstelling dat veranderingen in zenuwdichtheid in de
aanvoerende arteriën worden veroorzaakt door veranderingen in metabole vraag
en overeenkomstige fluctuaties in flow in deze arteriën. De koppeling tussen flow
en metabolisme wordt met behulp van het anosmie model in de volwassen rat
onderzocht.
In hoofdstuk 2 wordt beschreven hoe anosmie, gedurende verschillende
tijdseenheden, met behulp van zink sulfaat wordt geïnduceerd. De mate van
degeneratie van het reukepitheel werd met behulp van hematoxyline/eosine
kleuring bepaald en dit resulteerde in een zichtbare afname in dichtheid in de
anosmische dieren in vergelijking tot controle dieren. Met behulp van een succinaat
dehydrogenase kleuring werd duidelijk dat er een afname in metabole aktiviteit in
de bulbus olfactorius is van anosmische ratten. Whole mount preparaten van de
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basale hersenarteriën werden immunohistochemisch gekleurd op de algemene
neurale marker PGP 9.5 en de zenuwdichtheden werden gequantificeerd met
behulp van geautomatiseerde beeldanalyse en uitgedrukt in oppervlakte
percentage en intercept density. Uit de metingen van de whole mount preparaten
bleek dat er een significante afname in oppervlakte percentage is in het eerste
deel- (A1-1 segment) alsmede het tweede deel (A1-2 segment) van a. cerebri
anterior en een significante afname in intercept density in het A1-2 segment van a.
cerebri anterior. De resultaten die in dit hoofdstuk zijn beschreven vormen de
grondslag voor de voorgestelde hypothese en de geschiktheid om de hypothese
met behulp van het anosmie model te onderzoeken.
In hoofdstuk 3 worden de sympathische zenuwvezels en de
parasympathische zenuwvezels met behulp van immunohistochemische
technieken aangetoond en gequantificeerd. Whole mount preparaten werden
gekleurd op PGP 9.5, tyrosine  hydroxylase (voor het aantonen van sympathische
zenuwen), vesicular acetylcholine transporter (VAChT) , vasoactive intestinal
polypeptide (VIP) en nitric oxide synthase (NOS; voor het aantonen van
parasympathische zenuwen). Tevens wordt er een gedetailleerd overzicht gegeven
van de verdeling van de verschillende subpopulaties in alle segmenten van de
basale hersenarteriën, die gemeten zijn op de aventitia-media grens. Hieruit bleek
dat in het rostrale deel van de cirkel van Willis de grootste dichtheid in NOS- en
VAChT- immunoreactieve zenuwvezels wordt gevonden in vergelijking tot VIP- en
TH-immunoreactieve zenuwvezels. Daarnaast, bleek dat na het induceren van
anosmie er een afname is in NOS- en VAChT-immunoreactieve zenuwvezels. De
mogelijke functionele gevolgen voor deze afname in nitrerge- en cholinerge
zenuwvezels in de basale hersenarteriën  worden bediscussieerd.
Hoofdstuk 4 beschrijft de koppeling tussen flow en metabolisme en het
belang van de perivasculaire zenuwen in het reguleren van deze koppeling. Een
mix van geurstoffen alsmede vochtige lucht werd via de neus aan anosmische en
controle dieren gegeven. Vervolgens werd de bloeddoorstoming in de bulbus
olfactorius met behulp van laser doppler flowmetry (LDF) gemeten. Aan het eind
van het experiment werd L-phenylephrine intraveneus in de staart vene geinjiceerd
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om flow responsen in beide groepen aan te tonen. Toediening van de geurstof
bracht geen verandering teweeg in de bloeddoorstroming in de bulbus olfactorius in
de anosmische rat terwijl bij controle dieren een significante toename in flow werd
gevonden. Deze toename in flow werd niet veroorzaakt door veranderingen in
physiologische parameters. Toedienen van vochtige lucht veroorzaakte geen
toename in bloeddoorstroming in beide groepen, terwijl toediening van L-
phenylephrine een toename in flow alsmede een toename in bloeddruk
teweegbracht. De rol van de parasympathische zenuwen en hun rol in flow-
metabolisme koppeling wordt bediscussieerd.
In hoofdstuk 5 veronderstellen wij dat de zenuwdichtheid in de basale
hersenarteriën bepaald wordt door een veranderde beschikbaarheid van
groeifactoren. Met behulp van een specifieke groeifactor voor parasympathische
zenuwen, neurturin (NRTN) is dit onderzocht. Gedurende 2 weken werd NRTN en
als controle HCl, in de laterale ventrikel van de ratten geinfuseerd met behulp van
een osmotische minipomp. In whole mount preparaten werden NOS- en VAChT
immunoreacitieve zenuwvezels  aangetoond en  de zenuwdichtheden werden met
behulp van geautomatiseerde beeldanalyse bepaald. Uit de metingen van de whole
mount preparaten bleek dat na toedienen van NRTN een afname in NOS-
immunoreactieve zenuwen in anosmische ratten kan worden voorkomen terwijl er
nog steeds een afname in VAChT- immunoreactive zenuwen werd gemeten.
Waarom NRTN een specifieke groeifactor is gebleken voor de nitrerge zenuwen
wordt in dit hoofdstuk verder bediscussieerd. Voorts, werd met behulp van in situ
hybridizatie NRTN mRNA gelocaliseerd in de tunica media alsmede in het ganglion
pterygopalatinum.
In hoofdstuk 6 worden de voornaamste resultaten nader toegelicht. Naar
aanleiding van de resultaten zoals beschreven in dit proefschrift veronderstellen wij
dat de parasympathische zenuwen belangrijk zijn om vascular steal te voorkomen
door middel van vasodilatatie. Dit fenomeen is van belang wanneer de metabole
aktiviteit in een bepaald gebied toeneemt. Daarnaast veronderstellen wij dat naast
het perifere autonome zenuwstelsel ook routes vanuit centraal gelegen gebieden
betrokken zijn bij de innervatie van de basale hersenarteriën.
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Dankwoord
Het dankwoord is traditioneel het meest gelezen onderdeel van het
proefschrift. Dit zou kunnen impliceren dat het voorafgaande niet begrijpbaar cq
interessant genoeg  bevonden wordt of de lezer vindt het misschien belangrijker om
te weten of zijn/haar inbreng in de totstandkoming van dit proefschrift neergezet
wordt in het dankwoord. Bij deze wil ik dan ook iedereen bedanken die heeft
bijgedragen aan de totstandkoming van mijn proefschrift. Enkele wil ik toch in het
bijzonder noemen.
Beste Dick, Prof. Dr. D.J. de Wildt, de wijze waarop jij in mijn laatste jaar het
promotorschap hebt overgenomen en inhoud hebt gegeven heb ik als zeer
motiverend ervaren. Daarvoor mijn dank en waardering.
Beste Ronald, Dr. R.L.A.W. Bleys, als co-promoter en meest direkte
begeleider heb jij in zeer grote mate bijgedragen aan de totstandkoming van mijn
promotie. Jouw steun, enthousiasme en gezelligheid maakte voor mij onze
samenwerking tot een bijzonder prettig gebeuren.
De (oud) medewerkers van Anatomie;
Beste Berend, Prof. Dr. B. Hillen, op de momenten dat jij bezig was met mijn
onderzoek, kenmerkte zich dat door een grote passie voor de wetenschap.
Lieve Gerda en Tineke, the ex-ladies van het histotechnicum, bedankt voor al die
neuzen die jullie voor me hebben gesneden. In het bijzonder wil ik jullie bedanken
voor jullie steun en gezelligheid binnen en buiten het lab, waardoor alle
bijkomstigheden van het AIO bestaan eens goed konden worden gerelativeerd.
Simon en Willem, bedankt voor de vrolijke noot en voor het feit dat ik altijd met van
alles en niets bij jullie terecht kon. Evelien en Henriette, bedankt voor het regelen
van de kleine dingen. Alle overige leden van de vakgroep, bedankt voor het feit dat
ik zomaar bij jullie kon binnen lopen.
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De collegae van Farmacologie;
Simone, bedankt voor je hulp bij het LDF-experiment en voor de gezellige koffie
pauze’s. Jan, bedankt voor het feit dat ik met alle diertechnische vragen bij je
terecht kon en voor je hulp bij het plaatsen van de ICV-cannule. Anita, bedankt voor
het wegwijs maken in de wereld van de in situ’s.
lieve Stefanie, paranimf, onze vriendschap bestaat al vele jaren en is mij zeer
dierbaar.
Mijn ouders, bedankt voor de vrijheid die jullie mij hebben gegeven, die het
mij mogelijk maakte om te groeien. In het bijzonder, Ma, wil ik jou bedanken voor je
steun, liefde, geduld en de dingen die mij duidelijk maken dat er veel meer in het
leven is dan alleen werk!
Mijn broers, lieve Eric en lieve Ronald, jullie liefde, steun, betrokkenheid zijn
onmisbaar geweest. Jullie nemen een zeer speciale plaats in mijn leven in.
Lieve Hein, jou ontmoeten is het beste wat me in mijn AIO bestaan is
overkomen. Bedankt voor je liefde, geduld en steun, hierdoor werden de laatste
zware maanden aangenamer.
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Curriculum Vitae
De auteur van dit proefschrift werd op 6 september 1968 te Zeist geboren.
Na het doorlopen van de middelbare school startte ze in 1987 – 1991 met de
inservice opleiding tot verpleegkundige A in het St. Antonius ziekenhuis te
Nieuwegein en was daarna werkzaam als verpleegkundige A. In 1993 werd bij de
Vrije Universiteit Amsterdam het colloquium doctum behaald. In hetzelfde jaar
begon zij met de studie Medische Biologie aan de Vrije Universiteit Amsterdam.
Tijdens de specialisatiefase werd een tweetal stages gelopen: de eerste bij de
vakgroep Anatomie, Faculteit Geneeskunde, Vrije Universiteit Amsterdam onder
begeleiding van Dr. Floris Wouterlood en Prof. Menno Witter, de tweede bij the
department of Experimental Psychology, University of Cambridge, Engeland onder
begeleiding van Dr. Angela Robberts en Prof. Trevor Robbins. Na haar afstuderen
in augustus 1998 werd zij als assistent in opleiding aangesteld binnen de vakgroep
Functionele Anatomie (momenteel afdeling farmacologie en anatomie) onder
begeleiding van Dr. Ronald Bleys en Prof. Dick de Wildt werd het in dit proefschrift
beschreven promotie onderzoek uitgevoerd.

